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(a) SEM of a nanoinjector
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(b) SEM of a nanoinjector

—— 200 nm

(c) SEM of the lance tip

Figure 2.1: Labeled scanning electron microscope (SEM) images of (a) the metamorphic nanoin-
jector posed as if it were injecting a 100 um latex sphere, (b) the metamorphic nanoinjector in
its as-fabricated position, and (c) the tip of the nanoinjector lance. The two six-bar mechanisms
restraining the latex sphere in (a) are not described in this paper.

MEMS devices, such as the nanoinjector, are potentially well suited to introduce genetic
material into developing embryos because of their relatively small scale, potential for complex
motion, and their ability to mechanically and electrically interact with individual cells [94]-[96].
Additionally, MEMS fabrication techniques allow for features within a single device be as small as

tens of nanometers, or as large as hundreds of micrometers. For example, the tip of the nanoinjector
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Figure 2.2: Schematic representation of nanoinjection of DNA into a mouse zygote. All nanoinjec-
tions occur with the nanoinjector submerged in a pH buffered saline solution. Step 1 nanoinjector
is in its as-fabricated position. Step 2 the lance is elevated and a positive charge is applied, accu-
mulating DNA on the lance’s tip. Step 3, the lance moves at a constant height, penetrating into the
target zygote. Step 4, the charge on the lance is reversed, releasing DNA into the zygote. Step 5,
the lance moves at a constant elevation out of the zygote.

lance in Figure 2.1(c) has a minimum in-plane width of only 17 nm, while the mechanism’s overall
dimensions are four orders of magnitude larger, as seen in Figure 2.1(b).

The nanoinjector applies nanometer-scale features, precise mechanical motion over tens
of microns, and electrical manipulation of DNA in an electro-physical method of gene transfer
called nanoinjection. Figure 2.2 graphically outlines the nanoinjection process. The nanoinjector
mechanism is operated while submerged in a pH buffered solution (such as phosphate buffered
saline, PBS). A positive electrical charge is applied to the lance, which accumulates negatively
charged DNA [97] on its surface [41], [98]. The nanoinjector mechanism then penetrates the
zygotic membranes, and a negative charge is applied to the lance, releasing the accumulated DNA

within the cell.
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As a means of delivering transgenes into the zygote’s pronucleus, the nanoinjector mech-
anism has three main functions: first, elevate the lance from its as-fabricated position on the die
surface; second, move the lance horizontally at a constant height, penetrating the elevated lance
into the cell; and third, maintain electrical conductivity between the lance and an external voltage
source. Constructing the nanoinjector as a self-reconfiguring metamorphic mechanism [3], [99]-
[101] enables the first function (lance elevation) to be sequentially decoupled from the second
function (horizontal lance motion). Decoupling the vertical and horizontal motion phases ensures
that the lance penetrates the zygote’s membranes and pronucleus along a linear, horizontal axis,
and prevents tearing of the zygotic membranes.

This paper describes the design, testing, and refinement of the metamorphic nanoinjector

mechanism. Viability of zygotes following penetration by the nanoinjector lance is also presented.

2.1.1 Current Methods of Direct Gene Delivery

Currently, direct microinjection of genetic material into mammalian zygotes uses a hol-
low needle (a micron-scale tapered glass micropipette) driven by a micromanipulator to pene-
trate the zygotic membranes and a pump to expel minute volumes of a nucleic acid solution into
the zygote [52], [57]. Though significant improvements to microinjection equipment have been
made [38], [44], the core elements of the needle-and-pump design paradigm have remained es-
sentially unchanged since microinjection hardware first appeared in the literature over 50 years
ago [54], [56].

Breaking from the needle-and-pump concept, MEMS DNA injection systems have been
developed for adherent culture cells. These methods deliver DNA via fixed vertical nano-needles
on a chip [102], [103], or modified atomic-force microscopy (AFM) probes [85], [104]. The fixed
nano-needles require that the target cells grow with the needle’s penetrating their surface, making
fixed vertical needles impractical for transgenesis [102], [103]. The AFM probe based needles
require several minutes of incubation in each cell, and do not have sufficient penetration into the

target cell to reach the zygote’s pronucleus [85], [104].
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2.1.2 Metamorphic Mechanisms

Metamorphic mechanisms have multiple possible subphase mechanisms, where each sub-
phase represents a unique configuration with distinct degrees of freedom [3]. In the case of the
nanoinjector, the two subphases are out-of-plane elevation of the lance, and the horizontal motion
of the lance. The metamorphic configuration with all of its degrees of freedom active is called a
metamorphic source generator. As the metamorphic source generator is degenerated, its degrees
of freedom are reduced, and it is reconfigured into one of its possible subphase mechanisms [100].

Reconfiguration can be achieved through altering the mechanism’s links, joints, or geom-
etry [101]. In joint-induced reconfiguration, the number of joints can be changed, as well as the
joint type. For example, a universal joint could be degenerated to a revolute joint, reducing the
joint’s degrees of freedom from three to one [99]. The nanoinjector transitions between its two
motion phases through joint-induced reconfiguration.

Many reconfigurable mechanisms require external intervention transition between subpah-
ses. A user may lock a joint, remove a link, or alter the geometry. In [99], for example, universal
joints are degenerated by placing them in a certain orientation, and locking one of their axes of ro-
tation. In self-reconfiguration, as with the nanoinjector, no external intervention is required during

metamorphosis; actuation of the mechanism causes the reconfiguration to occur.

2.1.3 Out-of-plane Surface Micromachined Mechanisms

Surface micromachined mechanisms can achieve out-of-plane displacements many times
greater than their as-fabricated thickness through the use of specially designed joints [105], [106].
The out-of-plane revolute joints used in the nanoinjector can be categorized as ‘““scissor joints” and
“slider joints.” Examples of each of these joint types are shown in Figure 2.3. The slider joints
can undergo rotations of approximately 180 degrees, and the scissor joints can achieve rotations in
excess of 90 degrees. These joints can be combined to create complex mechanisms, such as those
in [25].

The limitations of multi-layer surface micromachining processes have a significant impact
on the precision of scissor joint’s motion. Parasitic motion is inherent in the joints because of the

minimum gaps between features in the same layer, the minimum sizes of features, and between-
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(a) SEM of a scissor joint (b) SEM of a slider joint

Figure 2.3: Scanning electron microscope (SEM) images the two types of out-of-plane joints used
in the nanoinjector: scissor joints and slider joints.

layer vias. Figure 2.4 shows two sources of parasitic motion in the scissor joint: one governed
by minimum feature size, and the other governed by minimum gaps between features in the same
layer. The kinematic models of the nanoinjector presented below account for these two types or

parasitic motion.

2.14 Compliant Mechanisms and Pseudo-rigid Body Models

Compliant mechanisms achieve some or all of their motion through the deflection of flex-
ible elements [2]. In many applications, compliant mechanisms are appealing because they can
be designed to have very precise motion, to eliminate frictional wear, and to eliminate parasitic
motion. Elimination of parasitic motion is particularly important for mechanisms fabricated on
the micro-scale. As shown in Figure 2.4, micro-scale rigid link joints can have pronounced para-
sitic motion due to relatively large minimum gaps between features in the same layer. Typically,
the clearances within a rigid-link micro-joint are roughly on the order of the dimensions of the
joint itself. A fully compliant micro-mechanism, one which achieves its motion only through the
deflection of compliant elements, can completely eliminate this source of parasitic motion.

Rigid-link kinematic modeling and synthesis techniques can be applied to a compliant
mechanism by employing a pseudo-rigid body model (PRBM) of the mechanism’s flexible ele-

ments [2]. The PRBM of a flexible element consists of a characteristic pivot and a pseudo-spring.
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Figure 2.4: Scanning electron micrographs of the scissor joints in the nanoinjector mechanism
showing (a) parasitic motion due to minimum feature size and (b) minimum gaps between features
in the same layer.

The location of the characteristic pivot accounts for the deflection characteristics of the flexure,
and the spring constant of the pseudo-spring accounts for the stiffness of the flexure. Additionally,
the stresses in a flexure can be calculated from the displacement of the PRMB. Using the PRBM
approach, models of a compliant mechanism’s force-deflection and stress-deflection behavior can

be developed.

2.2 Mechanism Description and Modeling

The nanoinjector mechanism consists of one rigid-body six-bar mechanism, one compliant
parallel-guiding mechanism, and two compliant electrical connections, as shown in Figure 2.1(b).
The rigid-body six-bar mechanism provides the out-of-plane displacement in the nanoinjector’s

first metamorphic subphase. The compliant parallel-guiding mechanism provides the in-plane
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translation toward the target cell during the second subphase. The method of self-reconfiguration
and models of each of the nanoinjector’s components are described below.

Prototype nanoinjectors were fabricated using MEMSCAP Inc.’s polycrystalline silicon
Multiuser MEMS Processes (polyMUMPs) [4]. The process provides one stationary polycrys-
talline silicon layer (POLYO), two structural layers of polycrystalline silicon (POLY 1 and POLY?2),
and a gold layer for increasing electrical conductivity which may be added to the POLY2 layer.
The POLY1 and POLY?2 layers are 2.0 um and 1.5 pum thick respectively.

2.2.1 Self-reconfiguration through Unequal Subphase Mechanism Stiffnesses and Link Con-
tact

The nanoinjector’s sequential “up-then-forward” motion is a key element of the mech-
anism’s functionality. Self-reconfiguration in the nanoinjector is a consequence of the unequal
force-displacement characteristics of the six-bar mechanism and the folded-beam suspension, and
contact between links in the nanoinjector mechanism. The nanoinjector’s motion and idealized
force-displacement relationship are shown schematically in Figure 2.5, and a kinematic diagram
of the six-bar mechanism is shown in Figure 2.6. At position 0, the nanoinjector is in its as-
fabricated configuration, with the six-bar mechanism mounted on to the folded-beam suspension.
In other words, it is as if the six-bar mechanism is kinematically grounded to the folded-beam
suspension rather than the substrate.

Between positions 0 and 1, the nanoinjector is in its first subphase, with the lance moving
out-of-plane. This motion raises the lance to the desired level, but occurs away from the zygote
to prevent damage to the cell membrane. Assuming negligible friction in the six-bar’s slider and
scissor joints, actuation between positions 0 and 1 applies approximately zero force to the folded-
beam suspension. With negligibly small force applied to the folded-beam suspension by the six-bar
mechanism, there is no in-plane translation from the deflection of the folded-beam suspension’s
compliant flexures.

At position 1, contact is made between the input slider and the folded-beam suspension.
This effectively locks the prismatic (slider) joint shown in Figure 2.6 and fixes the length Rg.
With this degree of freedom removed, the six-bar mechanism becomes a structure with respect

to the fold-beam suspension. Between positions 1 and 2, the six-bar mechanism remains at the
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Figure 2.5: Schematic illustration of the nanoinjector’s motion and idealized force displacement
characteristics. The folded-beam suspension’s suspension is approximated as the linear spring at
left. At position 0, the nanoinjector is in its as-fabricated configuration. Between positions 0 and
1, the nanoinjector is in its first subphase, and between positions 1 and 2, the nanoinjector is in its
second subphase.

same elevation as position 1 while the folded-beam suspension deflects, resulting in an in-plane
translation of the lance. This in-plane translation allows a linear motion of the raised lance such
that minimal damage to the cell membrane occurs during lance penetration. Pulling back on the

input slider, the mechanism will proceed from position 2, to 1, back to 0.

2.2.2 Modeling the Six-bar Mechanism

If the scissor and slider joints in the nanoinjector six-bar mechanism are treated as idealized
revolute joints, the mechanism can be modeled as shown in Figure 2.6. Due to the planar nature of
surface micromachining, the mechanism is fabricated in a change-point configuration, with all of
its links co-planar. However, the mechanism can achieve only the configuration pictured because
the the other kinematic configurations are only possible if one or more links move in the negative
z-direction (through the substrate).

In the nanoinjector, links R and R3 are the same length, as are links R, and R4. Thus, the
mechanism can be modeled as a parallel-guiding (parallelogram) four-bar mechanism (links R;

through R4) with a driver dyad (Rs and the input slider). The parallel-guiding motion of the six-bar
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Figure 2.6: Kinematic diagram of the change-point six-bar mechanism.
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Figure 2.7: Kinematic diagram of the change-point six-bar mechanism showing the differences
between the compensated and uncompensated kinematic models. Note that the kinematics param-
eters chosen make the final out-of-plane displacement (Z,,;) relatively insensitive to the parasitic
motion in the scissor joints.

mechanism ensures that the lance will be horizontal through out its motion. The position of the

mechanism can be calculated by

1 (Ry+Rs —Xin)* + R — R?

6, = cos 2Ra(Rs + Rs — X 2.1
0s = 2m+sin ! (Rysin6y/Rs) (2.2)
0n = 05— (2.3)
Zoww = R4sin6y 2.4
Xour = R4(1—cosby) (2.5)

where 6, = 0,4 because of the parallelogram configuration.
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