Precision Constraint of Deformable Bodies for Medical Imaging Applications
by
Rachel Dias Carlson

Sc.B. Mechanical Engineering
Massachusetts Institute of Technology, 2014

Submitted to the Department of Mechanical Engineering
in Partial Fulfillment of the Requirements for the Degree of
Master of Science in Mechanical Engineering

at the
Massachusetts Institute of Technology

January 2016

amrn 1016

© 2016 Massachusetts Institute of Technology
All rights reserved.

Signature redacted

Signature of Author..................
Department 0 chanica Engineering

/ Maw 27,2016
~_ - /\

.- C /
Certified by................... S Ig n atu re redaCted .............
// d v M"" 7% MartinL. Culpepper

Professor of Mechanical Engineering
Thesis Supervisor

Signature redacted

Accepted DY..oee e

Rohan Abeyaratne
Professor of Mechanical Engineering

MAsssgl-%ugms INSTITUTE Graduate Officer

HNOLOGY

MAR 02 2016

LIBRARIES
ARCHIVES




This page intentionally left blank

o



Precision Constraint of Deformable Bodies for Medical Imaging Applications
by

Rachel Dias Carlson

Submitted to the Department of Mechanical Engineering
on January 27, 2016 in Partial Fulfillment of the
Requirements for the Degree of Master of Science in
Mechanical Engineering

ABSTRACT

The purpose of this work is to learn how the performance of a constraint system that interfaces with
nonlinear elastic materials such as biological tissue can be predicted by a model. The direct application of
this work is the determination of the feasibility of restraining awake and anesthetized mice skulls to sub-
micron levels of movement for biological imaging applications without direct attachment to the skull. A
device capable of restricting mouse skull movement to less than a micron in every direction without
requiring the rigid attachment of a fixture to the skull would enable studies of bone marrow activity that are

" not currently possible. No existing work has attempted to determine the performance limits of a constraint
system interfacing with nonlinear elastic material. This thesis introduces a model for determining the
constraint system performance, and demonstrates how material properties may be tested to
determine their relative significance and inclusion in the system model. The theoretical model is
applied to the case of an awake mouse to demonstrate that a tissue-interfacing constraint system
can only limit movement to hundreds of microns and is not capable of achieving the desired
submicron level performance. For the case of an anesthetized mouse, the designed device is tested and
achieves the desired sub-micron performance in all three axes for improved imaging capabilities in

anesthetized mice.
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CHAPTER

INTRODUCTION

The purpose of this thesis is to learn how an object’s material properties set the limits of a
constraint system’s ability fixation performance, characterized by the maximum movement of the
object while constrained. This understanding is then applied to the specific case of restraining
laboratory mice for imaging procedures. The work presented here includes: the design of a material
property testing setup for mouse tissue; characterization of the material properties of mouse tissue
in normal and shear directions; the development of a model for predicting the performance of a
constraint system based on material properties; the design of a mouse constraint device, and the
preliminary testing results of the device with a comparison to the values predicted by the model.
Existing research has not explored the shear properties of mouse tissue, and no data is available
for the properties of the muscle layer. The constraint devices and techniques currently available
for mice have several limitations that are addressed in this thesis. The model presented in this
thesis may be used to design a constraint system and describe its performance when interfacing
with any nonlinear elastic material.

The direct application of this work is the restraint of laboratory mice for improved
biological imaging. The ability to view micron and sub-micron scale structures with the resolution
needed over extended time periods is currently limited by the movement of the mouse subject.
Limiting the movement of the mouse will enable different types of experiments to be done, as

structures may be examined or tracked with the accuracy necessary to make a meaningful claim.
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Previously, no attempt has been made to characterize exactly what the best case performance of a
restraint device is, and no device has been designed from a mechanical constraint point of view.
While this thesis aims to minimize the movement of anesthetized mice, the potential application
to awake mice will also be explored. This research characterizes the critical properties of mouse
tissue and develops a method for characterizing the constraint system performance in order to
inform the feasibility and design of a restraint device. The prototype restraint device is shown in
Figure 1.1. The mouse is shown tightened into the device, with skin removed from the imaging

area located at the top of the skull.

Restraint Device Area of skin removal

FIG 1.1: Prototype Restraint Device with Mouse
The movement of the mouse may then be measured either through post processing of any
images taken or through direct measurement of conductive material attached to the skull. Figure

1.2 shows a small time frame of measured displacement data in the x axis.



X Displacement

—r— ——r— —y e ——

Displacement [microns]

i
s . " " P ad
48 49 50 51 52 53 54 55
Time [seconds]

FIG 1.2: Mouse movement measured during prototype testing

This image clearly shows the displacements associated with the respiration and heartbeat of the
mouse. This thesis details the development of a model to predict the performance of a constraint
system and its use in the design of the restraint device, beginning with an overview of the

motivation and need for such a device.

1.1 Mouse Use in Biological Research

In vivo studies of live animals result in many advancements in biomedical and clinical
research. Animal models provide a platform to study therapeutic responses and the progression
of disease in ways which require manipulation that cannot be performed on humans. These
studies utilize imaging techniques with sub-micron resolution to characterize tissue structure and
physiological activity in animal models. The mouse is the most commonly used mammalian
model for laboratory research due to its genetic and physiological similarity to humans [1].
Current imaging techniques and structures of interest will be summarized so that the need and

application for an improved restraint device may be better understood.



Imaging Area

FIG 1.3: Laboratory Mouse with Skin Cleared from Imaging Area of Interest

1.1.1 Structures of Interest

While there are many potential applications with a variety of target structures, three
specific applications have been identified. These applications require clear images of the behavior
of small structures such as pericytes, red blood cells and dendrites. Imaging of retinal ganglion
cells and microglia may be achieved with a confocal scanning laser ophthalmoscope that excites
multiple fluorophores in order to track different cell populations. Damage to retinal cells due to
high dose gamma irradiation may be investigated with this technique, allowing researchers to
understand the other effects of gamma irradiation intended for the destruction of cancerous cells.
In this application, the use of an adequately restrained awake mouse would allow the cornea to
remain clear and extend possible imaging time to the eight hours needed to track cell migration
and homing.

Bone marrow transplantation is a stem cell based therapy that is used to treat cancers of the
blood system. For successful transplantation, the maximization of donor cell engraftment is key.
Tracking these stem cells during the homing and engraftment process will allow researchers to
characterize the environment that promotes donor cell survival and engraftment. Imaging of the
skull over a 24 hour period 1s necessary to observe the cell migration and proliferation processes.
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A holder that is able to keep the mouse still for an extended imaging period would enable the
characterization of hematopoietic stem cell location and orientation during mitosis, and their
homing process.

Sedation of the test animal changes the cerebrovascular perfusion [2] such that researchers
are not able to obtain data on the effect of brain cancer, stroke, TBI, on brain activity in an awake
mouse. Optical coherence tomography enables structural imaging and angiographic imaging. The
ability to view cerebral vasculature may offer insights into tumor growth and inhibition of cancer
therapies. A current avenue of research investigates the use of anti-angiogenic drug therapies to
repair the vascular network destroyed by a tumor in order to improve the efficacy of follow up
therapies[3]. One potential application of a new restraint device it to enable imaging of activity in
awake animals. The structures of interest from the potential applications outlined above are

summarized in Table 1.

TABLE 1: Structures of Interest for Proposed Biological Imaging Applications

Structure Size Units
Red Blood Cells 6-8 pm
Neurons and Dendrites 02-2 pm
Pericytes (Retinal Cells) ~0.7 pum
Capillaries 5-10 pum
Hematopoietic Stem Cells 12-25 um

1.1.2 Imaging Techniques

The most commonly used imaging technologies and their resolution capabilities are

summarized in Table 2.

17



Table 2: Imaging Techniques

Imaging Technique Lateral Axial Resolution Units
Resolution
Optical Coherence Tomography (OCT) 3 4 pum
Multiphoton Microscopy 0.207 0.814 um
Adaptive Optic Scanning Laser Ophthalmoscope 0.7 2 um
Spectral Domain OCT 2.4 1 nm

The resolution of each technique is sufficient to track and characterize the structures of interest
outlined in Section 1.1.2. An example of multiphoton microscopy, the imaging technique with the

best resolution, is shown in Figure 1.4 where i1t was used to capture cell activity in bone marrow.

Fig 1.4: Cortical bone (blue) sits on top of a bone marrow compartment containing GFP+ cells
(green) following intravital laser osteotomy [4]

However, high image resolution capabilities currently cannot be exploited due to the motion
of the animal itself. Applying anesthesia simplifies this problem, as the only motion that needs to
be constrained is that generated from heartbeat, breathing, and occasional convulsions. These
motions range from tens of microns to millimeters, resulting in images that are degraded and
blurred unless the animal can be restrained. A common technique is to use high frame rate imaging

and post processing software to mitigate the effect of the mouse movement, however these



approaches are costly and time consuming. In addition, they are insufficient in the case of an awake
animal or during a period of significant convulsions.

The ideal solution for generating clear high resolution images is to prevent motion of the mouse
during the imaging period. A mouse holder capable of restraining motion over a long (24hr) time
scale would:

a) Enable imaging of micro tissue structures at high resolution

b) Improve ability to track cell movement over longer imaging periods

¢) Enable study of physiological response to sensory input or therapy in awake animals

The restrainer design could be easily modified to constrain other animals or redesigned for access
to specific parts of the body. An effective restraint device may also be used to perform surgeries

or stabilize the mouse during healing.

1.1.3 Motivation for Device from Literature

The current limitation in many biological research studies is the movement of the mouse. As
outlined above, the high resolution imaging techniques available are capable of capturing the
structures of interest in sufficient detail. However, the movement of the mouse during awake or
anesthetized imaging imposes serious limitations on the quality and type of data that may be
collected during experiments. In the anesthetized case, one paper reported that “Movement caused
by heartbeat, respiration and slow drifts prevented online improvement of signal to noise ratio by
frame averaging.”[5] Another study focusing on ocular imaging also faced serious problems with
mouse motion; “Eye motion in the anesthetized mouse was primarily from heart rate and
respiratory artifacts that create ocular movements on the order of tens-of-microns”[6]. The z axis

is particularly sensitive to movement, as it more difficult to correct images in post processing.
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Researchers mention the devastating effects of mouse movement greater than a micron, saying that
“tissue movement by as little as a few micrometers can render three-dimensional image stacks

uninterpretable”[7].

1.1.4 Potential Impact of Device on Experimental Design

A mouse restrain device capable of holding a mouse in the same position relative to the
imaging window and preventing movement greater than a micron would enable the experiments
described above and decrease the amount of poor quality images due to movement artifacts that
are unusable for data collection. A device that can reliably prevent fast movements of the mouse
such as convulsions would enable researchers to extend their imaging session and view changes

in physiology over a longer timescale.

1.2 Existing Restraint Methods and Limitations

]

As mice are a commonly used mode! for biologica

devices and techniques that restrict movement. In this section the existing options will be reviewed

and their limitations discussed as the motivation for the design of a new device.

1.2.1 Prior Art: Stereotaxic Devices and Restraint Methods

Bone marrow and brain imaging both require a cranial window to be constructed. This
process requires the skin on top of the head to be cut away, the skull removed (for brain imaging),
and a clear protective layer applied to the exposed area. This surgery is performed with the
anesthetized mouse in a stereotaxic holder or similar restraint device. The mice are allowed to
recover from the surgery for at least a day before they are taken for experimental imaging. The

majority of existing restraint devices and techniques are designed for work with anesthetized
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animals and use micrometers or adjustable probes placed against the animal’s skin for positioning
and restraint.

Techniques designed for imaging of awake mice often use a metal plate glued to the skull
around or near the cranial window. This metal plate is then rigidly fixed to the holder, preventing
movement of the skull. The actual performance of these devices ranges from 1-5microns of skull
movement, but there is also movement of the brain relative to the skull. Other techniques for
collecting data from awake mice include rigidly fixing metal tubes to the skull above a predrilled
hole, into which an optical or electrical probe is inserted for data collection. Examples of restraint
techniques and their performance are shown in Figure 1.5. The dotted red line demonstrates the

desired maximum displacement for the highest quality images.

Maximum allowable
displacement

Performance

<1lum Movement 1-5um Movement 10-15um Movement <lmm Movement

FIG 1.5: Current Restraint Devices for brain imaging with devices for awake mice outlined in blue and
devices for anesthetized mice outline in red. References, left to right from top left: (/8] — metal plate
fixed to skull, [9]- tubes fixed to skull, optical probes inserted , [10] — “body sleeve”, [11] — pole fixed
to skull, [ 12]- stereotaxic device interfacing with nose and ears, [10] — head holder glued to skull)

The best performing awake mouse restraint techniques described and shown above involve

rigidly attaching a fixture to the skull. This approach has two major limitations. First, they cannot



be used for bone marrow imaging because the cement used to attach a metal plate or other fixture
to bone may be toxic to the cells and changes the physiological response of interest. Second, this
approach requires additional surgery and recovery time for the mouse to heal before imaging can
take place. One of the functional requirements for the design of a new restraint device is that it
does not require adhesive of any sort being applied to the skull. The cements and adhesives
normally used to fix the metal to the bone are toxic to the surrounding cells, and thus affect the
experimental results. This limitation creates the need for a fixation method that does not interface
with the skull itself.

In order to meet this requirement, the restraint device designed in this thesis will make
contact only with the skin, and will not require any surgery beyond that necessary to access the
imaging area. In order to design this device, more information about the material properties of the
tissue surrounding the skull are needed. After a literature review, additional testing will be done to
validate published values and establish a range of values for tissue properties not found in the
literature. Then the feasibility of an approach that makes contact with only the skin will be

investigated for both the awake and anesthetized restraint cases.

1.2.2 Performance and Limitations of Previous Prototype

A mouse restraint device for anesthetized animals was developed by Culpepper et al [13].
The device consists of three contact points with the skin of the mouse's head. The prototype and

its performance are shown below.
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FIGURE 1.6: Prototype designed by Culpepper et al

The initial (anesthetized mouse) prototype developed by Culpepper et al. has 4 contacts, 1 next to
each ear, the bite bar, and the nose clamp. Exact kinematic constraint requires the number of
constraints to equal the degrees of freedom, which is six for any rigid body.

View

Figure 1.7: Experimental Set Up Without (A) and With (B) Capacitance Measurement Probe. Arrow
in (A) Indicates View Orientation Seen In (B)

For an anesthetized mouse the holder was able to keep skull displacement to less than a micron
over a period of several minutes. Jumps could be seen in the data corresponding to heart beat

(~0.02pm) and respiration (~0.1um - 0.2pm).
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Figure 1.8: Motion of Skull in Z Axis While Mouse is Anesthetized (A) and (B), Data in (B) is Close-up
View of Data in (4) Showing Induced Motions Due to Breathing and Heartbeat. Motion of Skull
While Animal is Waking (C) and Fully Awake. From SBIR Proposal, Culpepper et al.[13]

The results demonstrate that the initial prototype was insufficient to constrain the mouse when it
is awake. No data was collected in the x or y axes, so it is unknown how well this device restricted
movement in those directions. As this device was unable to constrain an awake mouse, the
feasibility of doing will be explore through a theoretical model, outlined in Chapter 2 and detailed

in Chapter 5.
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1.3 Requirements for Improved Restraint Device

The requirements for the design of an improved restraint device are derived from the
limitations seen in existing devices and user needs based on discussion with research scientists

who work with laboratory mice on a daily basis.

1.3.1 Functional Requirements for Restraint Device

The functional requirements for the awake mouse restraint device are given in Table 3:

Table 3: Restraint Device Functional Requirements

Metric Required Desired Units
Slow Drift 10 2 % of image
Mouse Movement (X, y) <1 <1 micron
Mouse Movement (z) <0.7 <0.7 micron
Geometry <5x5 <5x5 cm
Applied Force Accuracy +/- 1 +/-0.5 N

Slow Drift: The change in position of the imaging area with respect to the lens during the entire
imaging period, which may be anywhere from two to twenty four hours. Temperature fluctuations,
mouse movement, and device creep may lead to drift.

Mouse movement: The point spread function (PSF) of the multifocal/confocal imaging setup
determines the functional requirement for the system. This imaging technique scans the area of
interest with a laser beam, recording one pixel at a time while the beam is moving. It should be
noted that the axial (z axis) movement is the direction of section and therefore the most difficult to
correct in post processing, explaining the lower allowable displacement.

Applied Force Accuracy: The maximum allowable force to prevent breaking the skull will be

different at each contact location based on skull thickness and geometry in that area. Therefore it



is necessary for the force applied at each location to be known or limited, to prevent injury to the

mouse.

1.3.2 Physiological Properties of Laboratory Mice

In order to successfully design a device to interface with laboratory animals, their
physiological properties must be understood. The design of this restraint device, while applicable
and scalable to other laboratory animal subjects, is focused on mice. In order to interface with the
mouse skull and surrounding tissue, it is necessary to characterize their material properties. The
parameters needed for the device design are listed in Table 1.4.2, some of which do not have a
constant and/or currently known value and so will be further derived or found through testing in
succeeding chapters.

Table 4: Laboratory Mice Physiological Properties

Parameter Value Units
Heart Rate[14] 632 +/-51.3 Beats/min
Respiration [7] 163 Breathes/min
Weight [7] 18-35 grams
Skin Stiffness Function of strain Pa
Muscle & Fat Layer Stiffness Function of strain Pa
Force to crack skull Dependent on location N
Force generated by mouse Unknown N

As the feasibility of restraining both anesthetized and awake mice will be explored, we will
outline the considerations necessary for each case. Anesthetized animals must be constantly
monitored to ensure their airway is not blocked by the restraints and they are breathing at the
correct rate, about one breath per minute. Anesthetized mice must also be kept at a body
temperature of ~37C, which requires the use of a heating element during all testing. When using
awake animals in laboratory experiments, it is critical that they be kept comfortable and pain free

at all times. In addition, the mouse must not be injured or put at risk of pain or injury by the setup.
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These conditions must be met in order for an experiment to be approved by the research institute’s
Committee on Animal Care. Therefore in addition to designing a setup that prioritizes mouse
comfort, it may be necessary to include a conditioning period in the preparation process in order
to attain mouse cooperation in an imaging setup that restricts movement. This may includé placing
the mouse in the setup for short time periods to familiarize them with it, providing milk as a reward,
and continuing this procedure until the mouse is comfortable enough to stay in the setup for the
necessary imaging time. This conditioning procedure takes about two weeks to build up to two
hours in the current awake imaging setups, which constrain mice by clamping onto a rigid metal

plate glued to their skull.

1.4 Thesis Summary

The objectives of this thesis are to:
1) Characterize the critical material properties of mouse soft tissue and bone
2) Quantify the performance of a constraint system based on input parameters
3) Select a constraint method and apply it to the design of a mouse head restraint device.
4) Determine the possible performance of a mouse restraint device and whether it will
accomplish the goal of sub-micron level movement for the awake and anesthetized cases.
5) Design a restraint device for optimized performance, and compare its performance with

that predicted by the model.

The first chapter of this thesis has been a discussion on the motivation behind this work as well as
a summary of prior work and existing devices. Chapter 2 will discuss the selection of a constraint
method and the material properties needed to refine this model and determine its efficacy. Chapter

3 discusses the design of an experimental setup to measure tissue properties and determine whether



shear stiffness may be neglected in the constraint model. Chapter 4 details the results of these
experiments and compares them to those found in the literature. Chapter 5 develops the theory to
characterize the performance of a constraint system, and details the specific inputs for the mouse
restraint case. Chapter 6 outlines the design of the awake mouse restraint device and Chapter 7
discusses its performance. Chapter 8: Summary and Future Work recaps the work done in this

thesis and discusses future applications and areas for further work.



CHAPTER

CONSTRAINT METHODS, SYSTEM
MODELING, AND MOUSE PROPERTIES

Chapter 2 discusses the possible approaches to constraint considered and the selection of
the kinematic constraint method. The system model is developed in Section 2.2, and the
assumptions made in order to predict behavior are eliminate terms are detailed in Section 2.3. In
Section 2.4 the material properties of mice relevant to the chosen constraint method and system
model are explored through a literature review, and challenges are considered. The force the mouse
can generate, one of the critical elements to understanding system performance, is approximated

in Section 2.5 using values from the literature.

2.1 Design Constraints

The Functional Requirements for the design of the restraint device were outlined in Section
1.4.1. In addition to these requirements, several limitations were imposed on the nature of any
interface with the mouse. First, nothing could be glued or attached directly to the skull. The glues
normally used to accomplish this are toxic to cells, and this affects biological activity in the area
of interest, particularly in bone marrow imaging[15]. Secondly, this type of restraint requires prior

surgery and a recovery period for the mouse. Finally, this technique has been attempted with some
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success before [8]. but required the mouse to be constantly moving, which is infeasible for a 24hr

imaging period.

2.1.1 Contact Options

Several approaches were considered for restraint before the compressive skin contact was
selected. Adhesive, rigid connection to the skull was dismissed due to the need for added surgery
and the adverse effect of adhesives on experimental results due to toxic effects. Non-adhesive,
direct contact with the skull, for example with pins that puncture the skin as used to fixture human
skulls for imaging, was also considered but dismissed due to the pain and discomfort caused to the
animal and the potential to damage the brain if the sharp contact were to puncture the skull.
Puncturing the skin is not something that the animal can be conditioned for, as it causes pain each

time.

FIGURE 2.1: Titanium human skull pin used for positioning the head during imaging and
radiation therapy. The pins puncture the skin and contact the skull to hold it in place. [16]

Once the approach of removing the skin were eliminated, the type of contact with the skin
was considered. Skin exhibits different material properties in tension and compression, with the
tensile modulus on the order of megapascals at 25% strain, while the compressive modulus remains
in the kilopascal range. Tensile restraint in which the skin is pulled taught was considered. but

eliminated due to the high creep that occurs in tensile loading of nonlinear viscoelastic materials
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such as skin{17]. As a result, compressive contact with the skin was selected as the contact
approach, and used to develop a constraint model for the system.

The approach developed in this thesis assumes that any contact that occurs must be with
the outer surface of the skin. This presents some complications, as biological tissue is a nonlinear
elastic material, meaning that its stiffness changes as a function of strain. In order to characterize
the best possible performance of a system it is necessary to know how the stiffness changes as a
function of strain, and so further exploration of the matérial properties of the muscle and skin tissue
will be performed and discussed in Chapters 2.4 - 4.

One of the other major obstacles to brain imaging is the relative motion of the brain and
the skull. Even if the skull is fixed such that no significant motion is observed, the brain may move
within the skull itself due to the mouse’s movement. This is because the brain is suspended in
cerebrospinal fluid) which acts to cushion the brain and protect it from impact. Any contact with
the brain should be avoided to prevent damage and compromising the experimental results. For
bone marrow and retinal imaging (two of the three proposed applications), this is not an issue.
Without a satisfactory way to address the problem of brain movement within the skull, the
restrainer design will focus on minimizing the motion of the skull itself. For bone marrow imaging,

one of the proposed applications, this problem does not exist as the skull itself is the area of interest.

2.1.2 Active vs. Passive Constraint

To achieve better constraint performance an active mouse restrainer with actuators and
position sensors was considered as a possible approach. Theoretically, an active device would read
the position of the skull using a capacitive probe or other sensor, then apply a force, moving the

skull to correct for any displacement from the original desired position. For the case of a rigid
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body surrounded by a deformable layer, where contact may only be made with the outer surface
of the deformable layer, it was determined that an active system would hold no advantage over a
passive system for several reasons:

1) A position sensor located on the skin surface (outer surface of the deformable layer)
would not be able to provide an accurate measure of the skull position. This is due to
the ability of this outer surface to move independently of the skull, as a function of
the force applied. The position sensor also cannot be located on the top of the skull
(the area of interest) because it would interfere with the imaging setup or viewing
path.

2) If each constraint contact with the deformable layer is already set to the maximum
allowable force (determined by the material strength and geometry of the interior
rigid body), any actuator acting on the surface would not be able to apply more than

this maximum force, therefore it could not exert a corrective force on the body. It is

displacement of the skull.

3) If an actuator in contact with the skin was allowed to apply a higher than maximum
force in order to correct for position error, it would not necessarily result in the
correct magnitude of corrective displacement - due to low tissue stiffness the
majority of deformation would occur in the tissue itself and not be transmitted to the

skull.

Due to the lack of advantages and feasibility in implementing an active constraint system, a
passive system approach was selected. The passive system is also lower in cost, complexity, and

size, further advantages in the proposed laboratory setting.



2.2 System Model

In order to fully constraint the mouse head, each degree of freedom must be constrained.

Figure 2.2 shows the mouse skull and each of its six degrees of freedom.

FIG 2.2: Mouse skull and associated degrees of freedom [18]

Although we are interested in restricting the movement of the skull, since the restraint
device is restricted to contact only with the skin it is critical to model the interaction of the
contact with the mouse. Figure 2.3 shows the system modelled as several springs in series, where

what is desired is miriimal displacement of the skull, X
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FIG 2.3: Spring Stiffness Model for Constraint System and Mouse

Using this model, the displacement of the skull, X; may be predicted by finding the

equivalent system stiffness:
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To calculate this equivalent system stiffness, values for each spring element must be found.

The stiffness of the bone and device may be easily found as the Young’s Modulus for ABS,
aluminum (potential device contact materials), and bone is known. The stiffness of the skin and
muscle is nonlinear, and the resulting changes to the above model will be discussed further in
Section 2.2 and Chapter 5. The contact stiffness value is unknown and will be dealt with in Section

234

2.3 Contact Stiffness

2.3.1 Hertzian Contact Stiffness Overview

Hertzian Contact Theory is used to determine the contact stress for two bodies between

which no tension force due to adhesion exists. The Hertzian model assumes that some small
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deformation of each body occurs at the contact area, but that this area is small in comparison with

the characteristic dimension of each body.

Figure 2.4 Relation between contact area radius a and penetration depth h in deformed state for
hertzian contact model. [19]

The criteria necessary for the application of Hertzian Contact Theory are outlined in Table 5 and
compared to the mouse restraint case to determine whether this theory may be applied to find a

value for the contact stiffness.

Table 5 Hertzian Contact Theory Applicability

Hertzian Contact Criteria Mouse Skin Contact Case Criteria Met?
Two non-conforming surfaces One conforming (skin), one No
nonconforming (contact)
Each body considered elastic half Deformation area is small No
space compared to area of surface
Surfaces are Frictionless —only  This is an idealization for any Unknown
normal pressure exists case — can’t actually be true
Strains are small and within elastic Strains are within elastic limit, No
limit but large (>>0.01)




The criteria for Hertzian Contact theory are not met, so this model cannot be used to characterize
the contact stiffness. Instead, finite element analysis will be used to determine the effect of contact

stiffness on the overall stiffness of the system.

2.3.2 FEA Model of System

Finite Element Analysis was utilized to demonstrate that the contact stiffness in the case
of contact>skin>bone may be neglected. The system stiffness when the contact and bone
components were modeled as perfectly rigid closely approximates the system stiffness when those

components were assigned their actual stiffness (E=69GPa and E=8GPa respectively).

Displacement input

Roller
Fixture
Contact

Skin

Bone

Fixed Plane

FIG 2.5: Setup for FEA simulation. Displacement condition applied at top face of contact.
Bottom surface of ‘bone’ layer fixed in place, roller condition applied to contact side face to limit it to
one degree of freedom.
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For both tests, the elastic modulus of the skin was specified by a nonlinear curve with modulus
coefficient in the range found in the literature. The bone and skin layer thicknesses were set to
400 and 600 microns respectively, reflecting values measured in laboratory mice. For test | the
actual elastic modulus values of the bone and contact parts were used. For test 2 the bone and
contact part materials were modeled as infinitely rigid, to reflect the case in which contact stiffness

would be nonexistent as all deformation must occur in the skin layer.

URES (mm)
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. 8.333e.004
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166Te-004
8.333e-005

1.000e-030

FIG 2.6: FEA Results for Test 1 (contact and bone modeled with real world values) showing
displacement of top surface of skin. A displacement of 0.001mm was applied to the top of the contact
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FIG 2.7: Side View of Skin and Bone Displacement for Test 1: Displacement of outside edge of skin
layer is on order of 0.0005mm, displacement in bone layer approaches zero (order of 1¢-30mm).

The resultant force, measured at the skin interface with the contact was divided by the averaged
displacement of the skin layer over the contact layer to find the system stiffness, which is

summarized in Table 6:

Table 6: FEA System Stiffness Results

Test Bone E Contact E Stiffness (N/mm)
1) Mouse Restraint 8 GPa (Bone) 69GPa (Aluminum) 7.98e-8
2) Idealization mfinite infinite 5.21e-8

As there is less than a factor of two difference between the stiffness values for the idealized and
actual case. this means that the deflection of the bone and/or contact contribute very little to the
stiffness of the system as a whole. Therefore, the contact stiffness can be neglected in the system
model.

Chapter 2.3 has outlined the assumptions necessary for the application of kinematic
constraint theory. and determined that the contact stiffness can be neglected. In future chapters

kinematic constraint theory will be applied to the design of a restraint device.
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2.4 Material Properties of Mouse Tissue

In the rigid body/deformable layer model, the mouse head application consists of a deformable
layer composed of all tissue on the surface of the skull. The muscle can be seen when the skin is

removed, demonstrated in Figure 2.8:

FIG 2.8: Muscle visible in ci;k area once skin is removed
The skin has different properties in tension and compression. Wang et al [20] found the
tensile modulus of mouse skin at 20-30% strain to be ~6MPa while the compression modulus at
the same strain was only 32K Pa. However, pulling the skin in tension was ruled out as an approach
to constraining the mouse for two reasons. First, putting the skin in tension may cause pain, as well
as plastic deformation of the tissue. Second, the skin is capable of undergoing tensile creep under

a constant force. so it would be difficult to accurately maintain a constant skull position.

2.4.1 Mouse Muscle Layer Properties

Several studies have nominally characterized the elastic properties of muscle tissue. Chin
Wing Zot et al. used ultrasound elastography to measure the elastic modulus of muscle in hive
subjects[21]. However. the study did not specify or measure the induced strain during

measurement. and the values varied from 8K Pa - 46KPa depending on the indentation of muscle
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layer by the transducer. Another study tested the nonlinear stress strain relationship in bovine
muscle samples, but did not induce strains greater than 0.16 [22].

Kruse et al. stressed rabbit skeletal muscle to 40% strain, and published values enabling
curve fitting of the stress-strain curve. This work also found the tissue modulus to be highly
dependent on the orientation of muscle fibers [23]. The values published in these papers were used
to verify the modulus found for mouse muscle tissue during testing presented in Chapter 4.
However, no literature was found discussing the failure criterion or behavior at extremely high

strains for muscle or skin tissue under compression.

2.4.2 Mouse Skin Properties

The skin is composed of the epidermis and dermis, with any fat included in the dermal layer.
The thickness of the skin varies depending on the mouse’s age, the anatomical location, and the
stage of the hair cycle [20]. While the elastic modulus and skin thickness has been quantified for
mouse skin from various body locations by Wang et al, no testing of facial skin has been
performed, nor has the stress-strain curve been explored beyond a maximum stress of 71 KPa. The
mean value and range of the skin thickness and modulus will be discussed and tested in Chapter
4, then compared to values published in the literatﬁre. These values will enable the prediction of

constraint system performance.
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FIG 2.9: Skin layers in wild type mouse [24]

Skin is a nonlinear viscoelastic material, meaning its stiffness changes as a function of strain
and strain rate. Since the performance of the device is dependent on the stiffness of the skin at each
contact location, performance is directly correlated to the Force applied. Equation 3 describes the
nonlinear stiffness curve (slope equals Young’s Modulus) is

o=or(e?—-1) 3)
Where o7 is the threshold stress, defined by the threshold force at which the force is said to be
significant (and a function of actual tissue resistance and not measurement error or drift). Wang et

al. and the Instron testing performed for this thesis (Chp 4) use a o7 value of %, where Fr =

0.01N.
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FIG 2.10: Example of stress-strain curve for nonlinear elastic materials with varying moduli
coefficient, q.

FIG 2.10 shows an example of the stress strain curve for a nonlinear elastic material. The young’s
modulus may be found for a given strain by taking the slope of the line for a small delta around

that strain.

E== (4)

Aelg

Viscoelastic materials exhibit both viscous and elastic properties as a function of time,
meaning that the relationship between stress and strain is time dependent. According to the Kelvin
Voigt viscoelastic model, when a constant stress is applied, the displacement of the material will
approach the displacement for a pure elastic material. The strain for this case of constant stress
decays with time and is represented by

&) = %(1 —e (5)

Where A is the rate of relaxation, and n is the viscosity of the matenal.
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A== (6)

For the case of skin compression relevant to the design of a mouse restraint device, either

a constant force or constant displacement will be applied to the mouse. Under a constant stress a
viscoelastic material may exhibit creep (an increase in strain over time), but will approach the
displacement for a pure elastic material. Under a constant strain the material may experience stress
relaxation, but the final displacement is the parameter of importance, which will not change.
Therefore, because our time scale is large and we are concerned only with the final displacement

of the material, viscoelastic effects will be neglected.

2.1.3 Mouse Bone Properties

It is necessary to know the elastic modulus and yield strength of bone in order to determine
the maximum contact force and how the bone layer should be classified in the system stiffness
model. The properties of the mouse skull were inferred from published values of human and rat
bone material properties, as all skulls ‘are made from mineralized osseous tissue. Testing of human
cranial bones found an elastic modulus range of 10.3GPa - 22.1 GPa[25].

Mao et al. investigated the mater’ial properties of adult rat skull using three point bending
tests. The average skull thickness was found to be 0.572mm, and the elastic modulus found to be
5.917 GPa with a standard deviation of 0.763GPa for slow loading conditions (most similar to our
application at .02mm/s) vs 9.486GPa fast at 200mm/s. Therefore, a value of ~6GPa will be used

in the system model
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2.1.4 Summary of Material Properties

Based on the reported stiffness values in the literature, and the results of material testing
with the setup described in Chapter 3, each of the major layers is classified as either deformable
or rigid. Rigid layers are at least an order of magnitude stiffer than deformable layers, and are
assumed to be stiff in the system compliance model, and the stiffness of the deformable layers as

a function of applied force used to characterize the system performance.

Table 7: Classification of Tissue Layers

Layer Nominal Elastic Modulus Constant Modulus? Classification
Skin 3KPa No, function of strain Deformable

Muscle 2KPa No, function of strain Deformable
Bone 4-12 GPa Yes Rigid

The skin and muscle layers are classified as deformable while the bone is classified as rigid
because their elastic moduli are at least 3 orders of magnitude apart at all times. In order to fully
develop the system model it is necessary to characterize the material properties of the muscle layer,
as values found in the literature did not specify the strain they were measured at [21] or no testing
was done for strains beyond 0.16 [22]. A setup will be designed to test the young’s modulus of
mouse tissue layers. This setup will also test the shear stiffness of the tissue in order to determine
whether or not it may be considered negligible in the system model. A table with modulus and
thickqess values for each deformable tissue layer, including testing results and published values is

provided in Chapter 4.5.

2.5 Force Generated by Mouse

In order to design a constraint system and predict its performance, it is necessary to

understand the loads it will take. The force that the mouse applies due to heartbeat and respiration
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is difficult to characterize, but the maximum force due to convulsions and attempts to escape can
be estimated.

The linear head acceleration of a rat head has been measured in the range of 1.5g’s - 2g’s
[26]. Another study by Venkatram[27] measured the maximum acceleration of a rat/mouse? To be
1.5 g’s during normal behavior. One study assumed a maximum acceleration of 5g’s, three times
that seen in normal exploratory behavior[11], confirming the assumption of 1.5g’s - 2g’s as the
range of acceleration of a mouse.

To calculate the maximum force a mouse may apply, a conservative estimate of 5g’s will

be assumed for acceleration. The average mouse has a mass 20g-40g{14].
F=ma (7
Frouse = (.04kg) (9-8'2%) (5) = 1.96N (8)

The constraint device will be designed and its performance predicted based on this worst

case estimate. Testing of the device itself will allow for actual measurements of mouse force.
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CHAPTER

DESIGN OF MATERIAL TESTING SETUP

This Chapter presents the design of a material property testing system, including
mechanical and electronic elements. Functional requirements are presented in Section 3.1. Section
3.2 discusses critical subsystems and the design and selection of components. The system error is
presented in Section 3.3, and the designed device is compared to the functional requirements in

Section 3.4.

3.1 Functional Requirements for Testing Setup

In order to determine the contribution of the perpendicular stiffness, confirm the literature
values for skin modulus, and find a modulus for the muscle layer, a testing setup was designed.
The goal of the setup was to test the skin stiffness in two directions corresponding to two different

modes of mouse movement; axial (1) and shear (2), as shown in Figure 3.1.
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FIG 3.1: Modes of mouse movement in relation to contact

In order to test these stiffness, a high degree of accuracy was necessary for both the actuator
input and position reading in each axis. The functional requirements for the system are

summarized in Table 8:

Table 8: Functional Requirements for Material Testing Setup

Property Required Metric Desired Metric Units
Force Control Within +/- 0.05N Within +/-0.01N N
Dimensional Stability <1 <1 um
Displacement Resolution <100 10 nm
Strain Rate Constant +/- 0.5 Constant +/- 0.1 mim/s

Force Control: The force control accuracy is the maximum error of the absolute value of the input
force. The force control resolution is the

Dimensional Stability: The position of machine components relative to one another should
remain constant to within one micron during the duration of a test, which lasts approximately one
minute.

Displacement Resolution: The smallest increment of translation measurable in each axis of

interest.
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Strain Rate: The rate at which the skin is compressed must be constant, as due to its viscoelastic

nature this could affect the measured value of stiffness during a test.

3.2 Mechanical Design of Setup

The material property testing setup is composed of two actuation axes to test shear and axial
stiffness. The actuation mechanism for each axis was selected based on the range of motion, input

force range and accuracy needed.

3.2.1 Axis Actuation

To test shear stiffness, a force controlled actuator is necessary in the x axis in order to apply
a constant force to the tissue. A voice coil actuator was selected and the input force controlled
using a LabView script. In order to transfer the actuator force to the material being tested with
minimal frictional losses, an air bearing guide for the shaft was implemented. The load path from

the voice coil to the mouse location is shown in blue in Figure 3.2.

48



FIG 3.2: Voice coil actuator (1), shaft (2), and air bearing guide (3) shown in blue. Mouse location
represented by yellow box.

For the axial stiffness test, the force applied by the voice coil follows a ramp function until the
maximum force is reached. The displacement of the actuator shaft is measured and recorded
throughout. For the shear stiffness test, the voice coil actuator is used to apply a constant force
against the fixed mouse skull. Then, a force is applied in the y axis by moving the micrometer a

set amount, compressing the spring and applying a force to the single degree of freedom four bar
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flexure where the mouse is attached. Then the displacement of the flexure (and therefore mouse or

tissue) is measured

FIG 3.3: Elements that control travel in the y axis. The micrometer (1) position is adjusted, pushing
the block (2) forward and compressing the spring (3), which applies a force to the four bar flexure (4),
moving the mouse plate (yellow outline). The position of the flexure and attached mouse plate in the y

axis is measured with the posifion sensor (5).
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FIG 3.4: Schematic of load path and displacement of elements in y axis

LF = Kspring(6 = ¥) = (Kiexure + Kshear)y =0 9)

k _ Kspring (5“)’)‘kflexurey
shear — y

(10)

The input displacement J was set to change in steps of 0.0lmm, and the displacement x
measured by a linear encoder. The spring constants of the push spring (6.9027 N/mm) and flexure
(3.158 N/mm) were measured using an Instron machine before the setup was assembled. Using
these values, the value of the shear stiffness could be calculated for every input displacement.

In order to accurately measure the force applied and the resultant displacement, a low
friction drive was desired for each axis. For the y drive system, the functional requirements for
travel were travel >3mm with less than 10N input force, and a safety factor of 2 for yield at a
displacement of 3mm from initial position. The resolution and accuracy of this travel needed to be
on the order of 0.1pm. The single degree of freedom plate to which the mouse was rigidly fixed
was achieved with a four bar flexure. The flexure has a single degree of freedom (y), and is stiff

enough in x and z such that it will not deflect more than one micron under the expected 5N load
. . N . .. .

applied during a test (k = 5(10°) -r;{)' The flexure stiffness was optimized in FEA, then tested

using an Instron machine after manufacturing to account for error due to manufacturing tolerances.
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3.2.2 Sensors and Control
The position of the stage and therefore the sample, was measured in the x and y axis using Renshaw
encoders with an accuracy of 30nm and resolution of 1nm, and saved in Labview. A schematic of

the Labview control for the voice coil actuator is shown in Figure 3.6:

FIG 3.5: Side view, Renshaw linear encoder for x axis positioned on bottom surface of voice coil shaft
mounting block.

Voice Coil Actuator

FIG 3.6: Voice Coil Actuation with Labview Control
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The scaling value to convert current load to force was specitied by the manufacturer and validated

through calibration - measuring the force output for a series of input currents.
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FIG 3.7: Current Control schematic for VCA operation

Foutput = ]load(3'75N/A) (11 )

The Labview controller supplied a reference voltage, set by the user. The relationship between

output force and the input voltage is represented by Equation 13.

Vre
hoaa = Rsen; (12)
Vre
Foutput = 7~ (3.75N /4) (13)

sense

The voice coil actuator was controlled with a ramp function, which increased the force at a rate of
0.083N/s for test 1. For test 2, a single force value between one and five Newtons was set, and
kept constant throughout the test. The schematic for the op amp board can be found in Appendix

A.



3.3 Error Model and Uncertainty

To accurately analyze the data collected by the material property testing setup the total error of the

system must be characterized. Table 9 summarizes the sources of error and their magnitude:

Table 9: Error Sources for Material Testing Setup

Error Source Affected Variable X Y Z Unit
Platform Flatness - 0 0 8.2e-8 [m}
Thermal Expansion 5,y X 2.5e-6 2 4e-6 2e-7 [m]
Flexure Off Axis Travel - le-7 0 0 [m]
o Input Error (y) ) - Se-7 - {m]
Encoder error Y, X 3e-10 3e-10 - [m]
VCA Force Error F 0.002 - - [N]

Platform Flatness error is a function of the purchased aluminum baseplate manutacturing

process. As the error is in the z axis, it does not affect the data.

Thermal Expansion error was calculated using the thermal expansion coefficient and an

expected worst case temperature change of one degree Celsius along the load or displacement

path.

Flexure Off Axis Travel is the distance travelled in constrained degree of freedom axes under

the force required to displace the flexure the required travel distance. Only applicable to shear

stifftness test.

8 Input Error (y) the error in micrometer positioning. Only applicable to shear stiffness test.

Encoder Error is the accuracy of the Renshaw encoders selected for displacement measurement

on each axis.

VCA Force Error is a function of the accuracy of the current to force converston value, the

actual resistance of Ryense, and the real value of the reference voltage.

54



3.4 Functional Requirements Revisited
The functional requirements for the setup are revisited and compared with the actual values of

the designed setup in Table 10:

Table 10: Functional Requirements Revisited

Property Required Metric Designed Metric Units
Force Control +/- 0.05 +/-0.02 N
Dimensional Stability <] 2.6 um
Displacement Resolution <100 30 nm
Strain Rate Constant +/- 0.5 Constant +/- 0.1 mm/s

The dimensional stability requirement was not met due to thermal expansion. The setup
needs to be thermally stable within the entire timeframe of the test (approximately one minute). A
thermal regulation box was constructed and placed around the setup during testing in order to

minimize the effects of temperature fluctuations in the room on the position measurements.

FIG 3.8: Thermal Regulation box surrounding the setup
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CHAPTER

EXPERIMENTAL DESIGN AND RESULTS

Section 4.1 outlines the sample preparation process, while Sections 4.2 and 4.3 detail the
respective procedures for shear and axial stiffness testing. In Section 4.4 the results are
summarized and discussed. In Section 4.5 the results are compared to those values found in the

literature, and the magnitude of the shear and axial stiffness compared.

4.1 Preparation of Mice

The type CX3CRI1-GFP mice used in testing were provided by MGH. Their mass ranged
from 24.1-35 grams and age ranged from 10-14 months. All testing was performed in accordance
with CAC protocols, and testing was performed exclusively with mice post-mortem. In order to
fix the mouse skull to the setup, the skin was removed from the top of the skull, and the skull fixed

directly to the plate with dental cement.
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FIG 4.1: (a) Setup plate being flued to mouse skull (b) Mouse in setup with this fixation method

This attachment method was not strong enough, and so the fixation method was changed to include
a screw drilled into the skull, with adhesive added around, as shown in Figure 4.2. This final
method was used for all shear stiffness trials, as the interface between the skin and the bone is
critical. For axial stiffness trials, the tissue of interest (skin, muscle) was removed, placed against
an aluminum block in the setup, and tested. This was to remove the error due to torque around the

central head attachment piece in the displacement readings.




4.2 Shear Stiffness Testing Procedure
To determine the magnitude of the shear stiffness, which in this case includes the frictional force,
experimental testing was performed. A constant force of SN was applied in the direction normal

to the skin to compress the tissue in a manner similar to the proposed constraint method.

The Protocol 1s outlined below:

1) Place mouse in setup and
adjust height such that VCA
probe is between the eye and
ear.

2) Apply specified constant
force to mouse skull with
VCA
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3) Apply Force to mouse in y by
moving micrometer a
specified distance and
therefore compressing spring

4) Record Position Data for y
displacement

4.3 Young’s Modulus (Axial Stiffness) Testing Procedure

Skin is a nonlinear elastic material. therefore the stiffness of the skin varies as a function of strain.
To find the shape of this stiffness curve, the displacement as a function of input force will be
measured for the tissue as a whole and for independent sections of the tissue. The material property
setup was used to test the stiffness of the skin and muscle layers separately. These samples were

taken from the cheek of each mouse. The protocol is outlined below.
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1. Place tissue of interest in setup
against aluminum block. The
threshold force for thickness
measurements and determining
point at which the contact is
touching 1s 0.01N.

2. Apply Ramp Force with Voice
Coil at rate of 0.083N/s. Measure
displacement of voice coil in x
axis using Renshaw encoders.

Additional axial stiffness data for tissue samples was collected using an Instron machine, as
pictured in Figures 4.3 and 4.4. Samples were prepared by punching a 6mm diameter piece from
the excised material. The threshold force used to determine when the instron plate engaged with

the tissue and measure the tissue thickness was 0.01N.
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Load Cell

FIG 4.3: Instron setup schematic

Figure 4.4: Instron testing sefup
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4.4 Results

4.4.1 Shear Stiffness Testing Results

Tests were conducted with the constant force of five Newtons applied to the skin in the x axis. The
push spring was then displaced a distance J, and the displacement y of the mouse measured. These
values were used to find the shear stiffness of the skin.

k _ kspring(‘s_y)‘kflexurey
shear — y

(14)
This shear stiffness value includes the frictional resistance to movement in that axis, which is
variable and difficult to quantify. As the goal of the test was to determine whether the shear
resistance (a combination of shear stiffness and friction) was significant compared to the axial
stiffness, it was not necessary to find each value separately. Figure 4.5 shows the calculated shear
stiffness value at each input displacement, plotted for the measured values, and the minimum and

maximum effect of the system error.
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Shear Stiffness as a function of displacement
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FIG 4.5: Shear Stiffness as a function of input displacement. The error bars represent one standard
deviation from the mean. The system error (represented by the three separate lines) is small compared
to the variation between trials.

As expected, the stiffness increases as displacement increases, reflecting the fact that as the skin
is pulled taught it becomes more difficult to pull it further. The relatively large variation in
measured values could be a result of the ‘stick/slip” phenomenon, where for certain trials the static
friction was overcome and the probe slid against the tissue, while for others slipping never occurred

and the skin itself was stretched. The values are summarized in Table 11.

Table 11: Shear Stiffness Values

Input Displacement 86  Average Measured Average Shear Stiffness Standard Deviation
(mm) Displacement x (mm) (N/mm) (N/mm)
0 0 0 0
0.01 0.0050 42 29
0.02 0.0086 7.3 54
0.03 00113 10 8.2
0.04 0.0130 14 11
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4.4.2 Axial Stiffness Testing Results

The Young’s Modulus was characterized for skin samples and muscle samples taken from each
cheek (one of the proposed contact locations) of the sample mice. Each of the force-displacement
curves was fit using Equation 15, where /"7 = 0.01N is the threshold force, and d 1s the displacement

of the tissue:

F = Fp(ePd — 1) (15)

There was good agreement between the experimental data and the curve fitting equation. Example

test results are plotted in Figure 4.6 against Equation 15 with a p value of 35.

Skin Stiffness

20

—¥—fit, p=35 ]

18 [ © samplel
sample2

16 sample3 )
sampled

141

12

Force [N]
=

i 1 Y n i 1 L

0 0.05 0.1 0.15 02 0.25 03 0.35 04 0.45 0.5
displacement [mm]

FIG 4.6: Raw data from multiple skin trials plotted against curve fitting equation of p = 35



The average and standard deviation for all samples (n=12) are summarized in Table 12:

Table 12: Measured Material Properties

Parameter Skin (cheek) Muscle (cheek)
Average thickness (mm) 0.455 1.03
Thickness Standard Deviation (mm) 0.063 0.38
Average q value 11.49 7.85
q value standard deviation 0.141 2.50
Average p value 25.50 7.70
p value standard deviation 3.535 0.42

4.5 Discussion and Comparison to Values from Literature

The modulus and thickness values measured for mouse skin agree with those values found
in the literature. For muscle, there is no published data available specifically for mouse muscle
layers on the head, but the data collected for the modulus coefficient is in the range of that
measured in human muscle using other methods. Table 13 contains a summary of the values found

in the literature and the values measured in the tests.

Table 13: Material Property Values

Tissue Type q Value Range Thickness Range (um) Source
Mouse skin (Face) 11.49 +£0.14 455 +63 Testing Chp 3-4
Mouse skin (Hind Limb) -- 211 -671 1]
Mouse skin (Hind Limb) 10.77 £2.03 278 + 102 [20]
Mouse Muscle (Face) 7.85+£2.50 1030 + 380 Testing Chp 3-4
Bovine Muscle 5.5 -- [22]
Rabbit Muscle (Soleus) 46-74 - [23]

The values for skin thickness and young’s modulus measured by Wang et al [1] [20] were
taken from mice varying in age, hair cycle, body weight, and skin site. The skin samples tested
were taken from the distal and proximal ends of the hind limb as well as the saphenous nerve trunk.
Wang et al. concluded that stiffness varied inversely with thickness, but this effect resulted in a

consistent modulus (represented by coefficient ¢) across hair cycle stages and body weights. The
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modulus of skin from different anatomical locations varied significantly, with skin containing
structures such as nerves and blood vessels having a higher modulus. Therefore, at a given skin
site, the elastic compression modulus remains consistent throughout a mouse’s life.

The ranges for moduli and thickness listed in this table will be used to characterize the
possible performance of a constraint system that interfaces with the tissue in Chapter 5. To
determine whether or not the shear stiffness is significant when compared to the axial stiffness, the
two values must be compared. In order to find the axial stiffness from the g values in the literature,

the modulus coefficient ¢ may be related to the stiffness coefficient p by the section thickness, #o.

p== (16)

Lo
For the values of g and # found in the literature and verified by testing, a p value range of 17-72
was found. Using the mean values measured in Chapter 4 of g = 11.49 and #;, = 455, which also
fall within the published ranges, a p value of 25.25 was calculated. Plotting the stiffness curve for
p =25.25, the mean value for facial skin and at the lower end of the stiffness range, and taking the

slope for a displacement of 10um around F = 5N, the projected mean for contact force, we find:
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FIG 4.7: Stiffness curve for p = 25.25, with red dot representing point around which Young’s Modulus
was linearized with step size of 10um

In Section 4.4.1 the shear stiffness for the first 10um of travel under a 5N contact force had a mean
value of 4.27 N/mm, two orders of magnitude less than the axial stiffness (141 N/mm) on the lower
end of the spectrum. Therefore the shear stiffness and frictional force will be neglected, such that

each contact is considered to provide constraint to the system in only the axial direction.
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CHAPTER

PREDICTING CONSTRAINT SYSTEM
PERFORMANCE

The material property values found and outlined in Chapters 2-4 may be used to predict
the performance of the system as a function of the applied contact force and number of
constraints. This Chapter will outline the general procedure for predicting the error, or internal

displacement of a rigid body surrounded by a deformable layer.

5.1 System Behavior

The mass spring model and force inputs for the system are demonstrated by the model in
Figure 5.1. First a contact force F. is applied, compressing the tissue and increasing its stiffness to
some value kiissve. Then, the mouse applies a force Fiouse in an attempt to escape the restraint,

resulting in a displacement ¢ of the rigid bone layer from its initial position.
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FIG 5.1: Spring model and Force inputs for derivation of mouse position error, 9.
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The error is represented by o, the motion of the bone (equivalent to the skull, our imaging
area of interest in the mouse restraint case). Using the nonlinear curve fit (Equation 3 in Chapter
2) to describe the change in rﬁodulus E as a function of strain, the value of 6 may be found. The
parameters used in the model and following equations are listed below:

F., = Contact Force [N] — force applied by the restraint device

F» = Mouse Force [N] - force applied by the mouse attempting to escape

Fr = Threshold Force [N] - force at which resistance is felt during materials testing

g = Modulus Coefficient [-] - Coefficient to describe the shape of the nonlinear stiftness curve
tp = Initial Thickness [m] - Initial thickness of the deformable layer

E = Young’s Modulus [N/m”] - Material Property describing stiffness

A = Contact Area [m?] - area of contact of restraint device

& = Strain [-] - normalized displacement (change in thickness/initial thickness)

o = Stress [N/m”2] — local stress applied by each contact

The threshold force, Fr = 0.01N is the change in force from zero during a force vs displacement
test that signifies contact has been made with the material. The threshold stress is the stress

corresponding to the threshold force;
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o == (18)

A

The initial modulus Eo may be found by multiplying the threshold stress by the modulus coefficient
EO = orq (19)

The general equation representing the nonlinear modulus of the curve;

o =or(e?® ~1) 20y
can be solved for the strain, &;
— _1_ Fr+F, 21
€= ln(—FT ) 21
which is by definition also equal to;
d_ &
= ———TT — 2
e=1 Pt (22)
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Fp+ Fy

E(q,0)

)

FIG 5.2: Nonlinear stiffness curve, with strain £, due to contact force and final strain & shown. The
Young’s Modulus E may be calculated for a given strain by taking the slope of the line around that

point.

For the mouse model, the position error § = At is represented by the change in strain from the

initial position &, reached due to contact force Fy, to the final position & as a result of the mouse

force Fu.
8 = to(er — €4)
Solving for g4 and &;

_1 Fp+Fa+Fr
¢ = LIn(Htiatir

Eq4 =

1 Fa+F
In(—2=—L
q ( Fr )

Substituting in equations 22, 24, and 25, Equation 23 may be rewritten:

5=%m(m +1)

Fa+Fp
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Equation 26 may now be used to determine the performance of a constraint system, characterized
by position error. This equation is only applicable to displacement and forces acting along the
same axis. If multiple contacts are acting on that axis, the system stiffness will increase and the

system error will decrease as a function of the number of contacts and their respective forces.

5.2 Dimensional Analysis

The Buckingham pi theorem states that an equation may be rewritten in terms of a set of p=n-k
dimensionless parameters 7y, 7o,..., T, constructed from the original variables, where n is the
number of physical variables. Equation 26 derived in Section 5.1.1 to describe the position error

of the system may be represented by three nondimensional variables.

_ b Fu .
8= qln(FA+FT+1) (26)
=5
k=2
p=n—k=3

Since Fr=0.01 << F4, Fu it may be neglected, and the n = 5 variables are Fa, Fy, to, g, 6. The
k = 2 parameters are Newtons and meters. The first pi group describes the force ratios
m, = FmFaatgb

[m°N°] = [NNmP]



The second pi1 group describes the relationship between the error, d and the other variables
m, = SERFtS
[m°N°] = [NNeN°m°]

§
Ty=—=¢
2 tO

The final p1 group is just the non-dimensional variable ¢ that describes the shape of the curve
3 =4

These relationships describe the worst case performance of the constraint system, which occurs
when the mouse applied the maximum force it is capable of, described by Fi. This worst case
occurs when the mouse applies the maximum force it is able to. It is expected that for the majority
of the imaging session, the performance of the system will be better than this worst case value, but
this will be dependent on the behavior of the mouse. Conditioning of the animal may help to
decrease how often the mouse attempts to escape and therefore applies a great deal of force to the
constraints. How the worst case performance changes with the modulus coefficient and the force
ratio is shown in Figure 5.3. The modulus coefficient 3 and Fratio m, were selected for the ranges
relevant to the mouse restraint case. The best performance occurs at the bottom right corner of the

graph, as ¢ increases and the force ratio decreases.



Worst Case Performance of Constraint System
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FIG 5.3: Graph of non-dimensional parameters 13 (q) vs w5 (E) as a function of my (Fratio) to
demonstrate worst case performance

In order to find the actual error of a given system — defined as the displacement that occurs
in each axis when the mouse applies its maximum force there are two additional steps. First, the
total force in each axis must be calculated by summing the components of every contact that are
normal to a given axis. Second, the strain must be divided by the initial tissue thickness in order
calculate the displacement. Using the above theory, the worst case performance range may be
determined for the mouse restraint system. In this specific application, the contact force Fj, is
limited by the bone thickness and geometry of that location on the skull. The applied force Fiy, is

dependent on the mouse, but is estimated as worst case scenario maximum value.
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5.3 Calculating Maximum Allowable Contact Force
To determine what the force ratio for a given constraint will be, it is necessary to determine
the maximum allowable contact force at that skull location. In this section the approximation used

for max contact force is outlined.

5.3.1 Bone Model and Failure Calculations

The maximum force that may be applied to each area of the skull was calculated assuming
three point beam bending with the contact modeled as the central applied point load and the side
reaction force coming from the point where the skull curves such that the bone is aligned axially

(and is therefore much stiffer) with the contact load.

i —
/ t Y
/] /

FIG 5.4: 3 point bending schematic, with each bone section modeled as a beam of length I,
thickness t, width w.

To calculate the maximum force applied, we will consider the bending stress on the beam, and
then use a safety factor of 1.5 to determine the maximum force based on the yield stress of bone.
The bending stress Openging- 15 a function of the moment M, the distance from the neutral axis y,

and the beam moment of inertia L.

M
Opending = Ty (27)
wt?
= T (28)
M = Fcon;actl (29)
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(30)

S Nl

The yield stress of bone is [25]:
oys = 104MPa — 121MPa
To be conservative, the minimum value of 104MPa will be used. With a safety factor of 1.5, the
maximum allowable bending stress is:
Omax = 2= = 69.3MPa (31)
Then for each section of bone to which a contact force is applied. we may solve for the maximum
allowable contact torce Fiuux:

_ Omaxdwt? -
Frax = — (32)

5.3.2 Maximum Force Calculated for Each Area of the Skull

A laboratory mouse skull was obtained and the relevant measurements of bone thickness and
critical dimensions taken using calipers. These values were used in the three point bending
approximation outlined above to calculate the maximum allowable contact force at each proposed
contact location, with a safety factor of 1.5. A model of the mouse skull is shown in Figure 5.5
with the proposed contact locations numbered. Table 14 lists the dimensions used and the

maximum contact force calculated for each location.
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FIG 5.5: Mouse skull with proposed contact locations encircled and numbered

Table 14: Maximum Contact Force at Skull Locations
Skull Location Number Length [mm]  Bone Thickness [mm] Max Force[N]

Eye/Ear Area 1 0.008 0.04 9.24
Top of Nose 2 0.008 0.04 X1
Back of Head 3 0.01 0.04 5.91

These force values will be used to predict the performance of the device in Chapter 7.

5.4 Discussion of Expected Performance Range

Based on the known values of ¢ and the maximum contact force for each location, it is possible to
determine the worst case performance in each axis. The known ranges for each value are shown in
Table 15, and the worst case performance (expected error) is calculated for the worst case d.
(minimum thickness, maximum ¢, maximum F ) and best case d» (maximum thickness, minimum
g, minimum F;) of the material property range. The skin and muscle modulus are treated as

separate springs, and the displacement for each will be found.
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Table 15: Input Ranges for Prediction of Performance

Property Range Symbol Units
Mouse Tissue modulus (skin) 8.74 - 12.80 gs ---
Mouse Tissue modulus (muscle) 5.65-10.32 Qm ---
Mouse Force 1.96 Fum N
Contact Force 3.77-17.02 Fa N
Mouse Tissue Thickness (skin) 211-671 to.s pm
Mouse Tissue Thickness (skin + muscle) 650 - 1430 t0,m um

As the muscle and skin are springs in series, we may use the respective values of 7y and g to find

a value for p equivalent that represents the stiffness of both layers.

Peq = (% + %)—1 (33)

Then, the limits of the ranges for tissue thickness and modulus may be substituted into Equation
33 to find the best and worst case values for p.,, which may then be used to find the best and

worst case displacement:

=1 Fu =

6, = 5=In (FA+FT + 1) 23um (34)
_ 1 Fpm _

8y =51In (FA+FT + 1) = 129um (35)

These results suggest that in order for this approach to restrain an awake mouse to less
than a micron of movement in a single axis, the contact force would either need to be increased
to over 100N, or at least 23 separate contacts (assuming ideal tissue parameters and maximum
contact force) must be implemented in each axis. Neither of these approaches are possible, as the
first would kill the mouse, and the second is not feasible given the space constraints. As a result,

the focus for the device will be improved performance for the restraint of anesthetized mice.
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5.4.1 Performance for Anesthetized Mouse Case

In the case of an anesthetized mouse, the performance of the system should be significantly
better than for an awake mouse. The force applied by the mouse will only be that due to normal
respiration, heart beat and involuntary convuléions. This force is estimated to be si gniﬁcéntly less
than the maximum force from the mouse's attempts to escape. While a satisfactory way to estimate
this force has not been found, the device will be tested experimentally on an anesthetized mouse

and the performance measured.
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CHAPTER

DESIGN OF RESTRAINT DEVICE

This Chapter will outline the design of the mouse restraint device based on the information
detailed in previous chapters. Section 6.1 reviews the functional requirements first discussed in
Chapter 1.3. Section 6.2 will discuss the specifics of applying kinematic constraint theory to a
mouse head, and show the selected contact locations. Section 6.3 presents the mechanical design

and use considerations.

6.1 Functional Requirements

The functional requirements for the restraint device were derived from discussions with
researchers who use laboratory mice in their experiments. Their input in conjunction with the
available imaging technology and structures of interest determined the necessary requirements for
a device that not only restrains mice but is safe, follows CAC protocol, and is easy for the

researcher to use. These requirements are outlined in Table 15.

Table 16: Restraint Device Functional Requirements

Metric Required Desired Units
Slow Dirift 10 2 % of image
Mouse Movement (x, y) <1 <l micron
Mouse Movement (z) <0.7 <0.7 micron
Geometry 5x5 5x5 cm
Applied Force Accuracy +/-1 +/-0.5 N
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6.2 Application of Kinematic Constraint Theory

Kinematic constraint is often used in mechanical design as it provides reliable positioning
of an object using a minimal number of contacts[29]. By using one contact to constrain each degree
of freedom, highly accurate and repeatable positioning is possible. However, one of the limits of
kinematic constraint is the high stress induced at each contact point and the low system stiffness.

Elastic averaging is a method of constraint in which improved accuracy is derived from
averaging areas over a large number of contacting surfaces. The solid body is over constrained by
a large number of relatively compliant bodies, whose elastic properties allow for the size and
position error of each feature to be averaged over all contacts during preloading. Although
repeatability and accuracy are lower for an elastically averaged system than a kinematically

constrained system, there is higher stiffness and lower local stress at each contact location.

6.2.1 Assumptions for Kinematic Constraint

Kinematic constraint theory was applied to the design of a mouse head restraint device in
order to prevent movement in any degree of freedom. However, due to the unique structure of the
mouse skull, there are limitations to the possible locations of contact points, and so more than six
contacts were actually used to constraint all degrees of freedom. In order to apply kinematic
constraint theory to the mouse skull several assumptions were made:

1) Every contact is a point contact. Although the contact area is larger than a point
(diameter = 2mm), the surface roughness and uneven bone structure underneath the
deformable tissue layer lead to the assumption that there is a single location at which
the deformation is greatest, and this is the stiffest point (since stiffness increases with

strain).
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2) Shear Stiffness is negligible. This assumption follows from the results of material
testing outlined in Chapters 3 and 4. As a result of this assumption, every contact
provides constraint only in the normal direction of force application.

3) The contact is infinitely stiff compared to the tissue. The Young’s Modulus for the
contact material, Aluminum is on the order of 70GPa. In comparison, the Young’s
Modulus for biological tissue ranges from 3KPa to several MegaPascals. As several
orders of magnitude separate the modulus values, the contact may be modeled as
infinitely stiff.

4) A system degree of freedom is considered constrained when an equivalent rigid body
subject to the same contact would be kinematically constrained. Although the reality
of having low tissue stiffness means that there will be some deformation at the
contact, and the rigid body inside will be able to move in the direction normal to the
contact a displacement x that is a function of tissue stiffness, this assumption allows
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constraint of the body.

5) Contact Stiffness is negligible. For two bodies with relatively similar elastic moduli
in contact, there occurs some deformation at the surface interface that may be
modeled using Hertzian contact theory. As the stiffness of the system is dominated by
the low stiffness of the skin layer, the contact stiffness can be neglected. as

demonstrated in Chapter 2.3.2.

6.2.2 Geometry of Mouse Skull

The unique geometry of the mouse skull results in specific areas that need to be avoided in

order to prevent injury or serious discomfort to the mouse. Figure 6.1 shows the areas to be
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avoided, which were determined through discussion with research scientists at MGH who work

with mice as test subjects on a daily basis, as well as criteria set by the Committee for Animal Care

for protocol acceptance.

Fig 6.1: Areas to avoid contact on the mouse skull circled in red. These areas include the
whiskers (due to sensitivity, to prevent discomfort in the mouse), the eye (to prevent injury), the
cheekbone (it is too fragile to push with needed force), and the jaw (will not constraint the area of
interest on the skull as the two pieces are not rigidly attached)

Laboratory mice come in a variety of shapes and sizes depending on their age, sex, and
breed. The restraint device design must allow for the adjustment of each contact in x, y, and z in
order to fit a range of head sizes.

6.2.3 Constraint Location Selection

In the case of a rigid body where a constraint may be placed anywhere, only six contacts

are needed to constrain every degree of freedom, as shown in Figure 6.2:
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FIG 6.2: The six contact locations (shown in blue) needed to constrain all six rigid body
degrees of freedom for the ellipsoid outlined in black.

To restrain the mouse skull, more than six contacts were needed. While ideally each contact
serves as both a translational (negative or positive motion in an axis prevented) and rotational
constraint (each rotational degree of freedom requires two contacts to be constrained, these
contacts are ideally the translational constraint placed on opposite sides of the axis of rotation), in
practice this was not possible. For the y axis constraint, it was only possible to place a contact
exactly on the y axis itself at the nose location, so in order to constrain the #; degree of freedom
two y axis contacts were used at the back of the head. Similarly, to constrain ) two x axis contacts
were used on each side of the skull, as the exact z location of the y axis is unknown. To constrain
0., three instead of two contacts were also used. In total, ten contacts were placed on the skull to

restrain all six degrees of freedom.
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6.3 Mechanical Design

This section will discuss the design of the restraint device shown in Figure 6.3.

FIG 6.3: Restraint Device CAD

6.3.1 Use Case Considerations

The restraint device was designed to allow the mouse to be easily placed in the holder while
anesthetized, then supplied with anesthetic while the constraint contacts are positioned and
tightened to the desired force. The bite bar provides the reference for positioning the mouse when
it is first placed in the holder, then each contact is adjusted to contact the appropriate point on the
mouse’s head. The snout constraint piece is the first piece put into place after the teeth are placed
over the bite bar, as it includes a fitting for the anesthetic supply line. This ensures the mouse does
not wake up before it is properly constrained.

The body holder. seen jutting out of the back of the device at an angle, has an open top,

allowing a heating element to regulate body temperature to be wrapped around the mouse. This is
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required any time a mouse is anesthetized in order to keep its body temperature in the correct
range. This design also gives the researcher easy access to the mouse to check its respiration rate,
which should be on the order of one breath per minute while anesthetized, and to test if the mouse

is awake by using a foot pinch.

6.3.2 Design Overview

The restraint device is shown in Figures 6.3 and 6.4. Each contact was designed to be
adjustable in order to fit multiple sizes of mouse head, and to vary the force applied. The bite bar
(yellow) serves as a positioning tool and provides restraint in the z axis. The nose cone (green)
holds the anesthetic supply line and may be adjusted in the y and z axes in order to provide the
proper restraint force in these directions. The position of the side contacts (blue) may be adjusted
in the y axis to line up with the area of the skull between the eye and the ear, where they are
tightened against the skull using screws that push against the flexure arm of the blue piece. Once
the mouse has been placed in the holder, the rear contact holder is adjusted in the z axis and
tightened with machine screws. The rear contact (red) is then adjusted in the y axis in order to

provide the proper restraint force in these directions.
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Nose Cone

Side Contacts Bite Bar

Figure 6.4: (a) Direction of constraint shown for each contact. (b) Top view of restraint device with
contacts labelled.

The contact locations on the skull and the degrees of freedom constrained are shown in Figure 6.5:

FIG 6.5: (a) Side view of restraint device (b) Side view of contact locations on skull with colors
corresponding to contact pictured on device

A total of ten discrete contact points were used to constraint the skull. Due to the difficulty
of accurately constraining a location far enough away from the axis of rotation, more than six

contacts were needed. For example, the contacts restricting the rotation about the z axis are the two
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blue contacts shown in Figure 6.5. A single contact would not suffice in this position because the
location of the head’s center of mass and therefore the z axis is unclear, and having only one contact
on each side of the skull would not prevent rotation about z should the axis be located at the same
y position as the contact.

This design differs from other stereotaxic device and from the 2012 prototype in several
ways. First, two contacts are placed on each side of the skull to restrict movement in the x axis
instead of one. These contacts are positioned on the flat of the skull instead of in the ear to reduce
discomfort to the mouse. Second, the rear contact (red), and nose cone restrict the movement of
the mouse in the y direction. Other devices rely on the shear stiffness of contacts placed along the
sides of the skull and top of the snout to minimize y displacement. To test the efficacy of the rear
contact, y displacement with and without the contact was tested.

The restraint device was 3D printed in ABS, and then assembled. Each of the force and
location adjustment controls is a machine screw. The device was then attached to a Thor labs
mount and fixed to an optical table for testing. The stiffness of each contact and the device as a
hole is orders of magnitude larger than the tissue stiffness, such that any error measured is

attributed to movement of the mouse and not the device.
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CHAPTER

PRELIMINARY TESTING OF RESTRAINT
DEVICE

This chapter discusses the testing of the restraint device. Section 7.1 outlines the procedure
used for testing, and Section 7.2 discusses the predicted performance of the device based on

measured material properties for the mouse. Section 7.3 presents the results of preliminary testing.

7.1 Performance Characterization Procedure

To determine the performance a mouse was placed in the restraint device and the force at
each location adjusted to a maximum determined by the biological researcher in order to avoid

damage to the skull. Then, the displacement of the mouse’s skull in each axis was measured.

7.1.1 Testing Procedure

In order to measure the performance of the device, an additional fixture to hold the capacitive
probes used for displacement measurement was built. Then, the following protocol was carried
out:
1) Anesthetize the mouse and remove the skin from the top ot the head
2) Fix a plastic block with conductive metal coating (copper tape) to the top of the skull with
dental cement.

3) Place the mouse in the restraint device, and place the anesthetic line in the nose cone.
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4) Adjust each contact such that it is in the correct location

5) Measure force at each contact location using pressure film. Photograph pressure film for
later analysis of force.

6) Set up the capacitive probe holder such that each probe is within 125um of the block fixed
to the mouse skull.

7) Record displacement readings for one minute.

8) Remove back of head contact and repeat steps 6-7.

9) Remove anesthetic and allow mouse to wake up. Record displacement readings after
anesthetic stopped.

10) Euthanize the mouse

11) Remove skin and muscle tissue from contact areas. Perform Instron testing on samples to
determine thickness and modulus coefficient.

12) Using the measured values for the skin thickness and modulus along with the recorded

displacement in each axis, predict the performance of the device using the theory develo
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in Chapter 5 and compare to actual performance.

7.1.2 Experimental Setup

This procedure was used to characterize the device performance on a single C57BL/6
mouse at the MGH Center for Systems Biology. The testing was approved by MGH’s Committee
on Animal Care. The restraint device and capacitive probe holder block used to measure the

performance are shown in Figure 7.1:
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Figure 7.1: Rear view of experimental setup with capacitive probes positioned around location of
mouse skull.

The skin was removed from the top of the mouse’s skull and the mouse was anesthetized
and placed in the holder. Then each of the contacts was hand tightened by a scientist who works
with mice on a daily basis. The force at each contact was measured using a pressure film. A cube
coated in copper was glued to the mouse’s skull to enable displacement readings of the skull

position with capacitive probes.
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A
FIG 7.2: Mouse tightened in holder, after removal of skin and before attachment of conductive head
block

Figure 7.3: Mouse with copper head block in holder. Measurements being taken in each axis with
capacitive probes reading the block’s displacement over time. The anesthetized mouse is kept at the
correct body temperature by the orange body warmer.



7.2 Results

7.2.1 Material Properties

The measured values for thickness, and modulus coefficient, for the locations where tissue
samples could be obtained are summarized in Table 17. The muscle layer on the back of the skull

was so thin it could not be harvested.

Table 17: Material Property Values for Mouse used in Performance Characterization

Location q Value Thickness (um) Error (%)
Skin (cheek) 10.2 420 5
Skin (back of head) 11.3 320 4
Muscle (cheek) 9.0 1200 8

7.2.2 Predicted Performance

The tissue properties and force values necessary to predict performance for the restraint of
an awake mouse were able to be collected only for the x axis. Then, Equation 34 was used to
calculate the predicted worst case displacement in the x axis, using the value calculated for Fi/in

Section 2.5 and the measured contact force.

5, = 1( Fu +1)— 1, (1'6+1)—149
=T\ T Ry = n = Mopm

For an anesthetized mouse the expected movement is much smaller, although the exact value can

not be predicted because the force due to respiration is unknown.



7.2.3 Actual Performance

Capacitive probes measured displacement of the conductive block fixed to the mouse skull

at a rate of 1000Hz. The noise was filtered using a moving average filter, as shown in Figure 7.4;

X Displacement
1035t ' ' 1 .

-104.5

-105

Displacement [microns]

-1056.5

L

- L

54 56 58 60 62 64
Time [seconds]
FIG 7.4: Raw data for x displacement shown in red, filtered data (sample size 101) in blue

The displacement due to the heartbeat and respiration is clearly visible, and highlighted in
Figure 7.5. The average magnitude of displacement for each axis is summarized in Table 18. These
values were calculated by averaging the displacement for five sets of three subsequent breaths or
heartbeats spaced five seconds apart in each trial. The uncertainty is equal to the standard deviation

plus the error of the capacitive probes, which is £0.04pm.
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Fig 7.5: Close up view of y displacement with back of the head contact used. Breaths occur
approximately every second, while heart beats are much more frequent.

To determine the effect of the rear contact on y displacement, it was removed and the
displacement measured. The average magnitude of displacement in the y axis increased without
the rear contact from 0.60pum to 1.89um, shown by Figure 7.6. However, more testing is needed

to confirm this trend.
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FIGURE 7.6: y displacement of skull with (a) and without (b) rear contact
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Table 18: Measured Displacement of Anesthetized Mouse Skull in Restraint Device
Axis Heartbeat [um] Uncertainty [um] Respiration [um] Uncertainty [um] Rear Contact?

X 0.10 0.06 0.61 0.13 Yes
X 0.08 0.05 0.60 0.12 No
Y 0.12 0.06 0.60 0.13 Yes
Y 0.30 0.09 1.89 0.32 No
Z 0.05 0.05 0.22 0.08 Yes

To study the efficacy of the device in restraining awake mice, the anesthesia line was
removed, and the mouse allowed to wake up. Awakeness was tested using a foot pinch, a common
test to determine whether the mouse has come out from anesthesia and can feel pain, an awake
mouse will twitch in response to the pinch. The mouse’s attempts to escape the restraint device are

shown in Figure 7.7.
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FIG 7.7: Displacement in the x axis for an awake mouse. The range of the capacitive probes (£125um)
was surpassed, shown by the flat line at -125 pm.
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The mouse’s attempts to escape resulted in displacements greater than 185um. This is of the order
of magnitude predicted by the theoretical model, demonstrating that this approach is insufficient
for constraining animals who are awake and attempting to escape. Figure 7.7 shows that when the
animal is not actively attempting to escape the restraint device (time period from 27 — 48 seconds),
the restraint device performs sufficiently for images to be captured with the needed resolution.

However, as the behavior of the mouse is unpredictable, this is not a viable option.

7.3 Discussion

The avefage displacement of the anesthetized mouse’s skull in the z axis was 0.05 pm for
heartbeat and 0.22 pm for respiration. In the x axis, values of 0.10 um for heartbeat and 0.61um
for respiration were recorded, while the y axis saw values of 0.12 pm for heartbeat and 0.60pm for
respiration.

Compared to the performance of the initial prototype (Chapter 1.3.2), which limited
displacement in the z axis due to heartbeat to an average of 0.02 pm and respiration to 0.1-0.2 um,
the restraint device designed in this thesis performed similarly. The displacement of the initial
prototype in the x and y axes was not measured, so no comparison can be drawn there. However,
in testing the performance of the device with and without the rear contact, a significant
improvement (from 1.89um to 0.60um) was seen in the y axis when the rear contact was used.
This suggests that adding this rear contact would improve the quality of images captured for
anesthetized mice. The magnitude of the displacement in other axes was unaffected by the presence
of the rear contact.

The ability of the restraint device to constrain an awake mouse was insufficient for the

desired application. The theoretical model predicted an x axis displacement of 149um, and a
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displacement of >185um was measured. Error sources that may have contributed to the
discrepancy include the error in tissue stiffness measurement, error in contact force measurement
(+ IN), error in the mouse force estimation (unknown), and movement of the capacitive probe
holder with respect to the device due to thermal expansion. A more rigorously designed test setup
1s necessary to eliminate these sources of error, but the agreement in displacement order of
magnitude suggests that the theoretical model is a sufficient approximation for the displacement.

The performance of the restraint device will now be compared to the functional

requirements outlined in Section 6.1:

Table 19: Restraint Device Functional Requirements Revisited

Metric Required Achieved Units
Slow Drift over 2hrs 0.007 3 pm/min
Mouse Movement (X, y) <1 0.6 pm
Mouse Movement (z) <0.7 0.22 pm
Geometry <5x5 8x8 cm
Applied Force Accuracy +/- 1 - N

The designed restraint device met the functional requirements for mouse movement, but
tfurther work is needed to meet each of the other requirements. The large slow drift measured could
be a result of several factors including thermal expansion of the capacitive probe holder, human
activity in the surrounding lab, and creep in the ABS. To improve this, the device should be
constructed entirely from aluminum to minimize creep, and tested in the microscope environment
where outside factors such aé temperature fluctuations and human activity are minimized. Further
work to minimize size and include force limiters or sensors with immediate sensors would address

the applied force accuracy requirement.
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CHAPTER

CONCLUSIONS AND FUTURE WORK

8.1 Thesis Synopsis

The purpose of this work was the development of a model to understand the relationship
between a constraint system’s inputs and its ability to limit the movement of nonlinear elastic
objects. The specific objectives of this thesis were to characterize the material properties of mouse
tissue, quantify the performance of a constraint system based on input parameters, use the
measured tissue properties to predict the performance of a mouse restraint device, and finally builvd
and test such a device.

The direct application of this work was to understand the feasibility of building a mouse
skull restraint device capable of limiting the skull to sub-micron movement in each axis for the
case of awake and anesthetized mice. This work applied the developed model to the interface
between a mouse skull and a rigid contact, simplified the model for the specific application to
mouse restraint based on the results of material testing, and determined the relationship between
system inputs and performance. This model determined that a constraint system that interfaces
with the skin would allow an awake mouse to move hundreds of microns in each axis,
demonstrating its inability to achieve the desired sub-micron movement of the awake mouse skull.
For the case of the anesthetized mouse, the constraint method achieved sub-micron movement in
all three axes, and suggested that a contact on the back of the head is necessary to bring

displacement in the y axis to the desired sub-micron magnitude.
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8.2 Future Work

8.2.1 Validation of Theoretical Model

To improve and validate the theoretical model for constraint system performance, further
testing should be done with more predictable and controllable subjects than laboratory mice. A
setup using material with more consistent and easily measurable thickness and modulus properties,
such as stock tissue phantoms, and with highly accurate force sensors would decrease the error in
the results. This testing would experimentally validate the use of the model as a tool for
characterizing the ability of a system to restrict movement of a rigid body surrounded by a

nonlinear elastic material.

8.2.2 Improvements to Restraint Device

There are several areas for future work in the improvement of the restraint device. Pending
CAC approval, the device should be tested with awake animals in order to determine an
experimental value for the mouse force, which would inform future designs. Second, its design
can be optimized for the researcher’s use by changing the adjustment of each contact to be one
handed, and redesigning the back bar support piece such that it does not sit above the imaging
plane, enabling the device to reliably fit under a microscope setup. The device design may also be
changed to allow for further adjustability in each dimension, enabling use with a wider range of
mouse sizes. A force limiting mechanism could also be added to each contact, allowing the
researcher to tighten the contacts to the maximum allowable force without fear of causing damage

to the mouse.
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8.2.3 Application of Theory to Human Restraint for Medical Imaging

The theory developed in this thesis may be applicable to the design of constraint systems
for other applications, including human imaging. Currently thermoplastic masks are the most
common restraint mechanism for humans, but movement on the order of centimeters may still be
seen due to respiration and muscle twitching. Further research must be done to understand the
specific challenges of restraining humans before determining whether or not the approach

developed here may be applied.
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APPENDIX

A

ELECTRONICS SCHEMATIC

A.1 VCA Control

The PCB schematic for the voice coil actuator op amp is shown in Figure A.l. The power

resistor Ryense was grounded to a large heatsink.
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Figure A.1: PCB Layout for VCA Control Op Amp
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