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Abstract

Handheld pipettes are invaluable to scientists in labs across the globe. Due to high
inaccuracies at volumes of less than 1 [tL, a nanoliter pipette could truly change the way people
research. This experimental nanoliter pipette uses a regulating CAM mechanism and a
diaphragm to displace small amounts of fluid. The CAM mechanism has the ability to be
adjusted to different steps, each of which controls the amount of working fluid to be displaced in
a sealed chamber. In response to this, the diaphragm displaces a smaller volumetric amount of
fluid outside the chamber. A deamplification ratio is defined by the ratio of the volume displaced
by the diaphragm to the volume displaced by the CAM mechanism. The deamplification ratio is
adjustable by changing the setting of the variable CAM mechanism or exchanging different tip
assemblies which hold different sized diaphragms. In all, this nanoliter pipette enables
measuring and dispensing of very small volumes of liquid, ranging from I nL to 1p L, and can
expand the tools of every lab researcher internationally.

Thesis Supervisor: Anastasios John Hart
Tile: Associate Professor of Mechanical Engineering, MIT
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1. Introduction

Handheld pipettes are a vital tool of any lab, whether it is that of an industry giant such as
Novartis or that of a high school biology lab. Pipettes are heavily relied upon for manual transfer
of liquids in fields such as chemistry, biology and pharmaceutical. The reason being is that they
are relatively cheap, easy to use and easy to manipulate. Typical high end pipettes range from
about $100-$1000 and labs usually have multiple sets, each of which include up to 7 pipettes.
Thus the market for these instruments is huge. In the US alone 45.9% of the total liquid handling
market is made up of pipettes. To put this in terms of revenue, in 2014 pipette sales totaled up to
$310 million and with a compound annual growth rate (CAGR) of 5.3%, this value is projected
to reach $445 million by 2021.1 These numbers are not just limited to the US. In the western
European liquid handling market, manual instrument sales totaled $246.5 million in 2014 and are
projected to reach $408.2 million by 2021.2 If a nanoliter pipette were to be introduced into the
market, these numbers would increase significantly as labs would buy supplementary pipettes to
their already existing sets. Additionally, the pipette would meet an increasing demand for
manipulation of microliter-nanoliter liquid volumes due to the advances in microfabrication,
microfluidics, and instrumentation in the life sciences.

The operation of handheld pipettes can be broken down into four mechanisms: a spring
loaded piston, an adjustable stop that sets the fluid uptake, a hard stop that limits the piston range
and a disposable tip that holds the liquid. Their standard operation is illustrated in Figure 1. In a
typical use, the user holds the pipette in one hand and sets the desired volume using a dial. Once
the user is ready to draw up some liquid, he/she attaches the disposable tip. Then the user
presses the plunger down to the first adjustable stop. This causes the piston to displace a
volume, VP. The pipette is then lowered in to the fluid and the plunger is slowly released to its
initial position. As the spring forces the piston to move back to its initial position, fluid is sucked
up into the tip due to the pressure difference caused by the vacuum formed inside of the tip. The
user then presses the plunger down all the way to the hard stop, past the adjustable stop, in order
to fully expel all of the fluid into a container or desired location. There are two important things
to note here: 1) the fluid drawn up in to the tip is theoretically the same as Vp and 2) the pipette
tip relies on air cushion properties to suck up the fluid in to the tip.
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Plunger

Tip Ejector
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B)

Piston

C) EF

Disposable Tip
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V

Figure 1: Diagram of an industry standard microliter pipette and its operation. A) Piston is
pushed down to the first adjustable stop B) The tip is placed in a liquid and the piston is then
retracted to its original position, pulling fluid into the tip. C) The piston is pushed all the way

down, ensuring all the fluid is expelled out of the tip.
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Due to this cheap cost, ease of use and ease of manipulation, it is no surprise that labs

rely so heavily on handheld pipettes. However, there are some limitations that are present in

current handheld pipettes:

1. Due to compounding factors such as environmental variables and liquid surface

tension, drawing smaller volumes is inherently less precise than drawing larger

volumes. The calibration specifications for handheld pipettes suggest that volumes

around 1 pL or smaller are accurate to within 25% or worse of the desired volume, as

seen in Figure 2, which could very easily ruin an experiment.' 4

2. Pipette volume resolution is determined by the positional resolution of the hard stop,
the piston diameter, and the stroke length. When purchasing a pipette there is often a

tradeoff between resolution and range. In other words, the higher the resolution the

lower the range and vice versa.
3. The piston diameter of any handheld pipette is Fixed. Thus, labs have to buy sets of

pipettes to cover the ranges that they need to use the pipettes for. Typically, one

pipette will cover one magnitude of a volumetric range, i.e. 1-I0p, 10-100[, etc...

Commercial Micropipette % Error

30
0 micropipette Inaccuracy

25
-Surface Tension

20

10 0

0
0.1 1 10 100 1000

Drawn Volume [ull

Figure 2: Data based on the % error tolerated by leading pipette manufacturers) Notice how

quickly the error increases as the drawn volume seaci/v decreases.

Some groups have tried to overcome these limitations, specifically the accuracy and

precision issue, by investing in electronic solutions. In other words the market is pushing for

increased accuracy and precision. Automated, electronic workstations account for 31.9% of the

total US liquid handling market.' These electronic devices use either thermal-bubble,

piezoelectric, pneumatic, solenoid, and/or acoustic methods to dispense small volumes

accurately." However, their increase cost and weight are undesirable. Dr. Nirbhay Kumar, a

professor at the metrology lab at Johns Hopkins Bloomberg School of Public Health states that

"manual pipetting will always be needed" because "not everything can be done automatically"
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and "he cites pipette weight, price, and precision" as being several of the most important factors
when determining a pipette to use in his experiments.7

Thus the need of a non-electronic accurate nanoliter pipette is very real. The remainder
of the paper will build off of a model developed by Justin Beroz and Professor Hart of the
Mechanosynthesis group at MIT. The model is based upon the standard pipette mechanism but it
includes a diaphragm that allows for volume deamplification to take place between the piston,
Vp, and the volume that is drawn via the diaphragm, Vd as seen in Figure 3. This means that
unlike standard pipettes, Vp and Vd are not equal; instead the two values are related via pressure
differential which will be discussed in section 2.1. This paper in specific will go into the details
of the CAM mechanism and the working fluid chamber. For details on the pipette tip please
reference Design and Validation of a Handheld Nanoliter Pipette.8

2. The Issues with Nanoliter Pipetting

There are four major issues that have prevented the manufacturing of nanoliter pipettes:
1) drawing liquid into the pipette tip directly by a movable piston is not practical, 2) surface
tension causes significant inaccuracy when drawing small liquid volumes, 3) nanoliter liquid
volumes evaporate relatively quickly and 4) manufacturing techniques have to be pushed to the
limit to achieve some of the tight tolerances and features necessary for the pipette to be
manufactured.

2.1 Deamplification Model

Without deamplification of the piston's volumetric displacement, the piston diameter would
be too small to manufacture. To put this in perspective, if we wanted a pipette tip capable of
working with volumes in the range of 1-IOnL and the stroke was an average length of 15mm, the
piston diameter would have to be .005mm. This is extremely small given that an average strand
of human hair is on the order of 0.1mm. That is almost 20 times smaller! The
Mechanosynthesis group at MIT was able to create a model that would make drawing up small
volumes of liquid possible through the use of a deamplifying diaphragm.

The analytical model as seen in equation (1) was derived in the Mechanosynthesis group's
previous paper discussing the theory behind a new microliter pipette.9 This model also governs a
lot of the design requirements for the nanoliter pipette. The definitions for each of the constants
are included but for more detail please refer to "Tunable-Volume Handheld Pipette Utilizing a
Pneumatic De-Amplification Mechanism." 9

Vd(V) = C1V, + C214 2 + 3+ -- (1)

I _ _k_ k (3kfpl -(kof 2 +130k2)(l+p0k0)]
I = 3 #k 0c2* 0= 2 (l + #l k )= 6 (l 1 + pkk)o
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The equation solves for Vd, the volumetric displacement of the diaphragm in terms of VP,
the volumetric displacement of the piston, and three constants c1 , c2 and c3 which are either
directly or indirectly functions of t,, the thickness of the diaphragm, 4z, the pre-stretch in the
diaphragm, a, the radius of the diaphragm. VO. the initial entrapped air volume, to. the shear
modulus of the diaphragm, PO, the ambient pressure, and To, the ambient temperature. In order
to use this model effectively, MATLAB simulations are run and each of the aforementioned
variables are adjusted until a feasible solution is achieved. Figure 3 shows a graphical
comparison between that of a standard pipette and that of one using the deamplification design.

A) Standard design

Shaft -
casing

B) Diaphragmn design

Shaft
casing 5

air

_Dapraj

Figure 3: A visual comparison between A) a standard pipette design and B) a
deampli/cation pipette design wih a diaphragm. Note that k is a general placeholder for the

stditness of the haphragm.

The addition of the diaphragm not only allows for higher resolution in handling small
liquid volumes but it also allows for one pipette body to be used for multiple volume ranges.
Instead of changing the entire pipette, due to the fixed piston diameter, the user of the nanoliter
pipette can just change out the tip and be able to work with a completely different range of
volumes. For example, with one tip switch, a user can go from working in the 1 -nI OL range to
the 100-1000nL range. This is possible because each tip contains diaphragms of different

0
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stiffnesses, which have different properties of to, the thickness of the diaphragm, Xo, the pre-
stretch in the diaphragm and a, the radius of the diaphragm. For this prototype we aim to have 3
different tips that are interchangeable via threads. The 3 tips will cover the range of lnL to I gL.

2.2 Evaporation Theory

Evaporation becomes a very large concern when dealing with liquid volumes at such
small scales. There are a lot of factors that determine the evaporation rate and so trying to figure
out the exact science for each situation is very difficult. Different factors include exposed liquid-
air surface area, total liquid volume, ambient temperature, ambient humidity, ambient pressure,
etc... In an experiment run by Amado Antonini, the evaporation time for a droplet on a rod of
diameter 0.1mm was approximately 2 seconds.' 0 With these results as our guide, the group
decided to make the assumption that keeping the pipette tip orifice through which liquid is drawn
on the order of tens of microns. The reason behind this was that a typical pipetting operation
takes about 5-10 seconds and thus with a hole size on the order of 100 times smaller than in the
experiment, any effects due to evaporation should be negligible.

2.3 Surface Tension

Surface tension becomes a very large concern with nanoliter pipetting especially since the
orifice is on the order of tens of microns as describe in the previous section. There are two ways
to go about solving the issue with respect to drawing up the fluid: 1) trying to increase the
compression ratio of Vo/Vp in the case of an air cushion type pipette or 2) using a positive
displacement type pipette where the diaphragm would come in to direct contact with the fluid.
In the case of the former, the calculation becomes very complicated, but the in the end the lower
the ratio of VoN, is, the lower the imprecision found in the actual amount of liquid sucked up
versus the desired amount of liquid to be sucked up. In the end, the best feasible ratio that we
could achieve with our prototype was VoNp ~ 4 which led to an imprecision of 20%. To get the
imprecision down to an acceptable imprecision of 6%, the ratio of VON, would have to be
approximately equal to 2 which would cause too many problems in getting the model from
equation (1) to work due to the interdependencies mentioned in section 2.1 between the different
diaphragm variables. This imprecision at small scales also explains the trend found in Figure 2,
that the smaller desired volumes of fluid, the larger the resulting imprecision.

Luckily, the positive displacement type pipette virtually eradicates the issues of surface
tension because if the diaphragm comes in contact with the fluid, as seen in Figure 4, the air-
liquid surface is eliminated at the pipette tip orifice and so the surface tension interface goes to 0
and becomes negligible.
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Diaphragm

Wetting

Figure 4: Diagram ofthe lip liquid in/erfrace. Prior to drawing up the liquid, a /tee dimensional

feature on the (liaphragni (a glass sphere) comes in con/act with the fluid.

Surface tension still presents a problem when the user is trying to expel all of the fluid.
This issue is solved by keeping the ratio of Vo/V 4 as anything below VO/VP Z 5 will force the
fluid out and overcome the difference in pressures within the pipette tip and the atmospheric
pressure outside of the pipette.

2.4 Small Scale Manufacturing

The final limiting factor that needed to be worked out was machining all of the parts.
Luckily for the main body of the pipette this was not a major concern as the smallest features
remained on a millimeter scale. However for the pipette tip, new novel techniques such as die
sink EDM allow for the manufacturing of wall thickness down to a mere 50 microns, which was
not possible in the past.

3. Pipette Design

The ultimate goal of this project was to design a pipette that operates and feels similar to
current pipettes, as described in Section 1, and have the capability of working with nanoliter
volumes. As such, the design process for the nanoliter pipette was split into two parts. Jacob
Rothman would work on the pipette tip assembly, which included designing a housing for the
diaphragm. Meanwhile, I would work on the piston mechanism, also referred to as the CAM
mechanism. I further split this design into two main parts: the upper assembly, which includes
the CAM mechanism, and then the middle assembly as seen in Figure 5.

All fits between the components in both the upper and middle assemblies are based on the
tables in the Machinery's Handbook 29"' Edition."

12



Upper Assembly

Middle Assembly

Tip Assembly

'I

I

Figure 5: A basic diagram of the prototype nanoliter pipette broken down into the various sub-
assemblies.

One major advantage that the deamplification via diaphragm allows for is that the user can
use the same main mechanism/body of the pipette and only have to change the pipette tip to
change the volume that he/she would like to work with. Thus a key decision in the design
process was made early on to have the main body of the pipette (upper and middle assemblies)
be the constant throughout and only change the tips of the pipette when working with the
different volume ranges. The ranges we chose were l-10nL, 10-100nL and 100-10OOnL. This
breakdown would basically mimic what researchers in current labs have to do when working
with different ranges of fluid volumes. However, instead of changing the entire pipette, the user
would only have to change the tip.

3.1 Upper Assembly

The Upper Assembly can be further broken down into four sections: 1) the CAM
mechanisms, 2) the user interface and variable control, 3) the housing and 4) the piston

13
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assembly. All of these sections interact with one another but for the purpose of this paper I will
address each one in an individual section in the order that they were designed.

3.1.1 CAM Design

The first major milestone in this design project was to come up with a way to have very
fine control over how much the diaphragm would deflect. The reason for this is that diaphragm
deflection is directly correlated to how much fluid is being sucked up into the tip. In other
words, the only way to use the full range of the pipette tip is to control how far the diaphragm
deflects and relaxes as seen in Figure 6.

a) N--------------

r A Neutral

- -----)-Z- -- -- Z-- ---- d -------

Ad a) b) c) I d) Mlax

Figure 6: Order q/ operationfor the nanoliter pipette: a) neutral position of the diaphragm afier
calibration and beibre use, b) the diaphragm ~fly depressed and tip placed in liquid c)

diaphragm relaxes back to pre-set stop, d) diaphragm fidly depressed andifluid is expelled The
diagram on the left shows the diaphragm movement and the diagram on the right shows

corresponding between each of the diaphragm stages.

As seen above, step c) is where the pre-set control comes into play and is what allows the
user to suck up different amounts of fluid. As a group we decided, that this control should have
a resolution of 1/100 of the total volume that the tip can hold. For example, for the 1-10 nL
pipette tip, the user can specify a volume down to increments of 0.lnL, a capability which has
never been possible before. In order to be able to do this, a bunch of research was done on
existing pipettes. However, the four step operation cycle did not seem to coincide well with any
of the existing mechanisms that could be found. As a result and under Professor Hart's
mentorship, the design of clickable pens was investigated.

In particular, a 1954 Parker Jotter pen, which has a four click operation sequence, was found
to be very similar to that of the desired pipette operation. The way the pen works is with a three
part CAM mechanism: 1) the CAM body, 2) a tubular plunger and 3) stop members. The CAM
body rotates and slides up and down, the tubular plunger just moves up and down, and the stop
members do not move. Another important component of this mechanism is the spring that
provides an upward bias force that always keeps the plunger and CAM body in contact with one
another. This is a detailed 8-step operation to this mechanism: 1) the plunger is pushed down

14



until the top of the CAM body drops below the fixed stop member, 2) the spring force pushes the
CAM body back up into the plunger and causes the CAM body to move up and rotate 45 degrees
due to the angular mating face with the plunger (first click), 3) the plunger is released and the
CAM mechanism rotates once it clears the plunger and then stops on the fixed stop members
(second click), 4) the plunger returns to its original position and the CAM mechanism is locked,
5) the plunger is pushed down and causes the CAM body to move down, 6) once it clears the
fixed stop members the CAM body rotates another 45 degrees until it strikes the plunger (third
click), 7) the plunger is released and the CAM moves up and rotates another 45 degrees (fourth
click) and 8) the plunger is released to its original position.I2 Although complicated, this
mechanism provided a great stepping stone to the CAM mechanisms of the nanoliter pipette.

In the nanoliter pipette, there are three main components of the CAM mechanism: (1) the
interior CAM, (2) the variable CAM and (3) the exterior CAM which is separated in two parts
for machinability. Figure 7 shows the isolated CAM assembly and its surrounding components.

Lead Screw

Interior CAM

Variable CAM

Interior Cap

Piston Spring

Ltcrior CAM (top)

Exterior CAM (bottom)

i hrcaded Bushing

Piston

Figure 7: Solid/works model of the C,4 A1 inechanism and i/s surrounding components.

This CAM mechanism follows a very similar process to the clickable pen CAM but does
have some differences. The interior CAM and variable CAM behave like the CAM body in the
clickable pen whereas the exterior CAMs act as the fixed stop members. The plunger is
substituted by the lead screw which is in direct contact with the threaded bushing and interior
cap. The threaded bushing and interior cap are coupled to the lead screw such that all vertical

15
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movements are coupled together, further described in section 3.1.2 and 3.1.4. There is also a
spring that provides an upward bias to the system that will be described in section 3.1.4.

Before going into the detail of the CAM operation, the friction between the CAM surfaces
and the size of the CAM needed to be worked out. When the surfaces are in contact, the applied
force has normal and tangential components; the magnitude of each can be adjusted by changing
the angle of the CAM surfaces. To overcome stick-slip friction and assuming a coefficient of
friction of approximately p = 0.5 the angle of the CAM surfaces were calculated to have to be
greater than approximately 26 degrees from horizontal as shown in Figure 8. This is a safe
estimate given that a lubricated aluminum-aluminum contact surface can have a coefficient of
friction as low as 0.3.13 The sizing of the CAM was done using a much more iterative process
using Solidworks. Using a diameter of 0.75" based on what could fit in a user's hand
comfortably, a bunch of sketches were made to minimize the dead space of the stroke range,
discussed later in this section. In the end, it was found that a CAM with 8 features on top and 4
on bottom would give the smallest dead space in the stroke range while still remaining relatively
easy to manufacture.

CAM Diameter

Figure 8: A close up on the Interior CAM The surfaces highlighted in orange show the angle
between two o] the naiingfaces. The CAM Diameter is set on the Interior CAH!

The CAM mechanism starts in position 1) and the process that it goes through is as follows
and as depicted in Figure 9: 1) the plunger is depressed causing the interior and variable CAMs
to move down until the top face of the exterior CAM comes in to contact with the face of the
interior CAM 2) the interior and variable CAMs continue to move down and rotate 22.5 degrees
due to the angular face mate to arrive at positon B, 3) the plunger is released and the bottom face
of the exterior CAM comes in to contact with the face of the variable CAM, 4) the interior and
variable CAMs continue to move up and rotate another 22.5 degrees to arrive at position C, 5)
the plunger is again depressed and the interior and variable CAMs move down until the top face
of the exterior CAM comes in to contact with the face of the interior CAM, 6) the interior and
variable CAMs continue to move down and rotate 22.5 degrees due to the angular face mate to

16



arrive at positon D, 7) the plunger is released and the bottom face of the exterior CAM comes in 
to contact with the face of the variable CAM, 8) the interior and variable CAMs continue to 
move up and rotate another 22.5 degrees to arrive back at position 1). 

Figure 9: Eight-step break down of the CA.NJ mechanism. The solid orange lines show the 
contact between the CAM bodies. The dashed orange lines show the motion of the interior and 
variable CA Ms relative to the exterior CAM The solid green lines represent the rotation of the 

CAM bodies during operation. Note that the interior and variable CAMs rotate 90 degrees 
throughout one full pipetting operation. Additionally note that the odd steps only have 
translation motion whereas the even steps have both translation and rotational motion. 

17 



In all, the interior and variable CAMs rotate 90 degrees during one full pipetting operation. 
Thus four pipetting operations would lead to a full revolution of the interior and variable CAMs. 
This operation allows for a very similar pipetting operation to that of a standard pipette; refer 
back to Figure 6 for details on how the liquid is sucked in and expelled from the tip. 

One issue with this CAM mechanism is that the clearance needed between the variable 
CAM and the exterior CAM causes some dead space of the total stroke during pipetting. This 
dead space is defined as a necessary upward movement of the plunger and CAM mechanism at 
the maximum upward position of the variable CAM relative to the interior CAM, see Figure 10 
and Figure 11 for more details. Put into numbers, the value of the original stroke, 17.575mm, of 
the CAM mechanism is reduced down to 14.575mm due to 3mm of dead space in the stroke 
range. Luckily, this dead space can be utilized as an extra push on the diaphragm which 
guarantees that it is flush against the interior surface of the pipette tip and that no air bubbles or 
extra fluid is present when it is not supposed to be. In other words, the controlled stroke 
technically becomes 14.575mm and has an extra displacement of 3 mm that further compresses 
the diaphragm to the pipette tip. 

Figure 10: Diagram of the dead space in the stroke range. Notice that the clearance 
(highlighted in orange) has to be there in order for the tab on the exterior CAM (circled in 

green) to pass between the interior and variable CAMs. 



Xnax
X

1 2 3 4X

Figure 11: A visual diagram that defines the dead space in the stroke range, where
Xmax=17.575mm is the full stroke, X=14.575 is the controlled stroke, and Xo=3mm is the dead
space in the stroke range. Step 2 must return above the dashed line and into the red rectangle

due to the dead space set by the necessary clearance. Note the drawing is not to scale.

In all, the CAM mechanism is the main driver behind the pipette operation. It plays a key
role in making the pipetting experience with this prototype as similar as possible to the pipetting
experience of a standard pipette and it also directly controls the piston deflection as discussed in
Section 2.1

3.1.2 User Interface and Variable Control

With the CAM mechanism set, the next two important design issues were to solve how
the user would interface with the plunger and how the user would control the variable CAM and
move it relative to the interior CAM. The final design is shown in Figure 12.
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Bearing

Threaded Bushin

Screws

Thumb Push

Thumb Connector

Lead Screw

CAM Assembly

Interior Cap

Figure 12: Section view ofthe User InterbAce and I"ariable Control components along with the

C Al assembly. Prior to operation the Thumb Connector, Lead Screw and Threaded Bushing
rotate independently of everything else to move the variable ( Al.

The interface with the plunger is fairly straight forward as the thumb push is modeled of
off an existing pipette. The novelty lies in the bearing that connects the thumb push and the
thumb connector, which guarantees that during the pipetting operation the user cannot accidently
rotate the lead screw and thus change the position of the variable CAM.

This leads to the control of the variable CAM position. The thumb connector is coupled
with a lead screw, threaded bushing and ultimately the variable CAM. The thumb connector is
press fit into one end of the lead screw. The threaded bushing is then screwed on to the lead
screw and the variable CAM is epoxied to the outside of the bushing. Thus, the user can rotate
the thumb connector and ensure that the variable CAM will move either up or down relative to
the interior CAM. The other end of the lead screw is fit closely in to the interior cap. This close
fit leads to a relatively low friction environment which guarantees that the lead screw will be
able to rotate under the induced force of the user rotating the thumb connector but will not move

relative to the interior cap during operation. Since the interior cap is screwed into the bottom of

the interior CAM, the entire system above, except for the thumb push, will rotate as the CAM
mechanism rotates during the pipetting operation.

Since this is only a prototype pipette there is no display showing where the variable CAM
is relative to the interior CAM. This will be a slight hassle for testing as the user will have to

I
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count the number of rotations of the thumb connector to know where the variable CAM is. By
marking the thumb push and thumb connector this process should not be too difficult. The
correlation between turns and movement of the variable CAM can be found according to
equation (2):

X
T= mm *1 (2)

25.4[ g, ]

where T is the number of turns to go the full stroke length and I is the threads per inch of the lead
screw. In this case, using X = 14.575mm and a lead screw with 100 threads per inch, which
corresponds to the desired resolution control as previously discussed, the number of turns for the
full stroke is roughly 57.4 turns. The amount the thumb connector needs to be rotated to move
the variable CAM one step can then be calculated using equation (3):

r
S= - (3)

T

where S is the amount of turn needed to move one step, r is the desired resolution (in this case
100) and T is the number of turns for the full stroke from equation (2). Plugging in the numbers,
S ~ .574, this means that roughly each half turn of the thumb connector corresponds to a 1/100
step in the diaphragm deflection. For example, if the user was using the 1-1 OnL pipette tip and
wanted to draw lnL, the user would rotate the thumb connector 5.74 times from the zero position
of the variable CAM.

3.1.3 Housing

The primary purposes of the housing are to hold the CAM mechanism in place, provide an
exterior surface that is easily constrained during experiments and to interface easily with the
middle assembly. Figure 13 shows the full upper assembly with a transparent exterior body.
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Figure 13: Solidworks screenshot of the full upper asseinblv. Note that the Exterior Body is
traIsparent so that the interior components are observable.

The CAM mechanism is fixed in place via the Top Plug and Shoulder 1, as picture in
Figure 13. The Top Plug is held in place on the Exterior Body via four screws. The Exterior
Body was originally modeled after the ergonomic form of a traditional pipette, but for easy
fixation purposes, it is now a smooth cylinder which is much easier to fixture for
experimentation. The final key feature on the housing is Shoulder 2. It provides a surface for
the piston spring to press against. In addition, Shoulder 2 provides a flat surface for the o-ring in
the middle assembly (not pictured) to be pressed in to. The o-ring is necessary to provide a seal
between the piston and middle assembly as will be discussed in section 3.2

3.1.4 Piston Assembly

The remaining features of the upper assembly are found in the piston assembly. It is
comprised of the interior cap, piston and piston spring which are all pictured in Figure 13. The
piston is press fit into the interior cap and then runs directly through an o-ring that creates a seal

2 2



in to the middle assembly. The piston spring provides the upward bias necessary for the
operation of the CAM mechanism described in section 3.1.1. It presses up between Shoulder 2
and the interior cap.

3.2 Middle Assembly

The middle assembly is where the working fluid is found and where the model described
in section 2.1 comes in to play as the deamplification ratio between VP and Vd is achieved via the
compression ratio of Vo/Vp. There are four main requirements for these components: 1) the
compression ratio has to be maintained at Vo/V ~ 4 so that surface tension is overcome for the
liquid to be expelled out of the tip, 2) the working fluid, in this case air, needs to be fully sealed
and contained so that the compression can take place without leakage, 3) there needs to be a way
to adjust Vo , which is one of the main driving factors in the coefficients of equation (1) and 4)
the sealed chamber needs to be able to be vented to atmospheric pressure before the pipetting
operation occurs.

As mentioned in section 2.3, the compression ratio of Vo/Vp > 5 is necessary. In this
specific case, Vd is solved for using equation (1) and a MATLAB script developed by Jacob
Rothman and Justin Beroz whereas V, is solved using equation (4):

= t *r * stroke (4)

where V, is the volume displaced by the pistion, rp is the radius of the piston and stroke is the full
stroke of the piston, in this case 17.575mm. Plugging in all the numbers we get, Vp ~ a * (3mm) 2

* 17.575mm ~ 497mm3 . Using the MATLAB model, Vo is solved for using a derivation of
equation (1) and the compression ratios are found as follow in Table 1; all of them come out to
be more than sufficient for our prototype.

Tip Size [nL] Vp [mm 3] Vo [mm 3] Vo/V,
10 497 2205 4.44

100 497 2300 4.63
1000 497 2050 4.12

Table 1: Values of Vo and the compression ratio VO/Vfor each of the pipette tips.

The working fluid in the middle assembly chamber is sealed by 3 separate o-rings and
one gasket as seen in Figure 14. One of the o-rings is not picture but it is located at the end of
the pressure relief channel. Notice that there are four different channels that all feed into the
central Working Fluid Chamber. Three of the channels use threads for mating: to the upper
assembly, to the side screw and to the tip. The thread sizes are 7/8"-14, 3/4"-20 and M6
respectively.

As seen in Table 1, Vo changes depending on the tip size that is used for pipetting. As a
result, the volume of the Working Fluid Chamber needs to be able to be adjusted. In order to do
this, the Side Screw has a stroke length of approximately 0.5" as seen in Figure 14. The side
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screw can be adjusted via a 1/4" Allen key. It is also pre-loaded with the side spring so that the
screw does not rotate during operation. In addition to that, plugs can be inserted into the
working fluid chamber to reduce Vo to approximately 500mm3 which is much less than the
theoretically required 2000mm3. The reason behind this design decision is to allow extra
adjustment in Vo that may be encountered due to manufacturing inaccuracies. The maximum of
Vo is likewise much larger than needed, approximately 5000mm).

Piston

Top o-ring

Pressure Relief Channel
(o-ring at the end)

Side o-ring

Side Screw

Pipette Tip

Side Spring

Working Fluid
Chamber

Gasket

Figure 14: Soidworks section view of the Middle Assembly. Notice the two o-rings and the

gasket that seal the openings going into and exiling the working fluid chamber. A third o-ring cit

the end ofthe pressire relie! channel is not pictured.

The final requirement of the middle assembly is that it needs to be able to be re-calibrated
to atmospheric pressure. In order to do so, there is a quick release mechanism machined into the
side of the main cylindrical body as seen in Figure 15.

24



Shim

Screws

Side Screw

Relief o-ring Relief Slider
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Figure 15: So/icworks screenshot ofthe pressure relief system on the side
oflthe main cylindrical body of the Middle Assembly.

The mechanism is designed so that it is very quick and easy to re-calibrate the pressure in
the Working Fluid Chamber. All the user has to do is pull down on the Relief Slider, wait a
moment and the replace the Relief Slider back under the shim stock. The slider is filleted on the
top-end so that it easily fits under the shim. In addition, the shim is held in place by the two
screws so that the relief slider provides enough interference with the o-ring to provide a good
seal to the Pressure Relief Channel.

4. Validation and Discussion

Unfortunately, we have yet to complete the prototype and validate the model with our
design. All of the parts are currently getting manufactured by Micro Carbide in Malaysia and
Central Machine Shop on MIT campus.

If all goes according to plan, the upper and middle assemblies should work well and be a
great stepping stone to eventually making the handheld nanoliter pipette a commercial product in
the next couple of years. In order to validate the assembly's functionality, they will be
assembled component by component and observed individually. Afterwards, assuming all of the
primary observations pass, all of the components will be assembled with the tip and tested under
a high resolution microscope camera. Ideally, we will dispense a drop of water using only our
manufactured parts and from the video we will be able to measure the diameter of the water
droplet and conclude its volume.

In case that there is a flaw in either the upper or middle assembly, we will use the
previous micropipette set-up to test our parts to prove their operation and check their accuracy
and precision. In the worst case scenanio, we will attached the tip to a standard syringe and
linearly activate the piston with a stepper motor.

5. Conclusions

This paper has presented the theory and background of the deamplification model and the
design of the upper and middle assemblies of the nanoliter pipette. The main goal of this
prototype handheld nanoliter pipette is for the operation of it to be virtually non-differentiable
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from the operation of a standard handhled pipette. Given the current design, this goal should be
very achievable as the main difference is the addition of the diaphragm in the tip. This addition,
although small, can allow the pipette to handle liquids accurately down to the nanoliter by
overcoming the evaporation and surface tension issues found at such a small scale.

If the tests validate the model and work effectively, the end goal of this work will be to
make this a commercial product that makes its way to every lab across the globe. This first
prototype will cost over $4000 to make but with the proper tooling and initial fixed costs, the
pipettes could be sold at a very comparable price to current pipettes and easily penetrate the
world market. Overall, we are very excited about the potential of this technology and the impact
that it can have on the liquid handling industry.
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