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1 Introduction & Theory

1.1 Project Introduction

The overarching goal of this project is to de-
sign and develop a device, capable of of pro-
ducing a 3-Dimensional digital reproduction
of a given objects topography. The chosen
components to carry out such a procedure,
the design process of which will be detailed
here, include a cantilever and laser tandem
working in conjunction with a tri-axial step-
per motor system. The cantilever tip, travers-
ing the test surface through the performance
of a raster scanning pattern, will respond to
the given contours, inducing a forced deflec-
tion on the free end of cantilever. Strain
gauge technology mounted on the cantilever
represents the primary indicator for this vari-
ance.
Motivation for the development of such a de-
vice comes in a multitudinous form. The
prospect of the highly mechanical nature of
the device itself in conjunction with the vi-
tally important software aspect invites one-
self to apply a wide-ranging set of a skills,
crucial for the successful completion of the
project. Additionally, while initially present-
ing itself as a rather straightforward pro-
cess, the emphasis on harmonious coopera-
tion between each separate component proves
a worthwhile and challenging complexity.
While the exact real world parallels of this de-
vice are few in nature, the comparable princi-
ples which apply here have a striking overlap
with another device. Within the field of Scan-
ning Probe Microscopy (SPM), the Atomic
Force Microscope (AFM) operates in a highly
comparable manner [1]. Though in that case,
force interactions of the cantilever-tip device
on the nano-scale are utilized in lieu of me-
chanical interaction . To hastily draw com-
parison, the device being proposed here is to
the AFM, as ones finger reading Braille is to
a record player’s stylus. The same principles
with differing resolution ideals.

Though the target of the surface profilome-
ter here is to produce topographical maps on
a macro-scale, the dimensions of any given
test piece are restricted due to various pa-
rameters. The root cause for which each of
these restrictions arise will be detailed here.
Given the nature of these restricting circum-
stances, the primary focus of the device turns
to the maintenance of accuracy. With that
being said, it is worth noting that this project
aims to stand as a conceptual proof that such
a device is worthwhile, or indeed possible in
such a manner. In the wake of analysis, pos-
sible improvements will be proposed should
this concept be further investigated.
As prefaced on the titlepage, it is pertinent
to iterate that this project is a wholly collab-
orate endeavour. No one member of the team
undertaking this project usurps the other,
which compounds the importance of cohesion
both between team-members as well as the
constituent components each oversees in the
project. With that, an outline as to which
apparatus, and or process, falls under the
governance of each member ought to be set
forth. The author, Mark Roe, is responsi-
ble for the cantilever height detection. Niall
Linnane, is responsible for the z-axis motion
along with the laser and photodiode array.
Finally, Nicole Murray is responsible for the
x-y-axis motion and raster scanning proce-
dure. Naturally, this report pertains in large
part to the former apparatus, the cantilever
height deflection. This component will be of
utmost interest here, though of course, will be
framed in the broader context of the overall
system. For perspective focussing on the two
alternate mechanisms, see equivalent reports
by Niall Linnane and Nicole Murrray.
As a final note with regard to this report, all
images of the physical device along with code
samples and data tables may be found in the
accompanying appendix, Section 7.
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1.2 Applicable Theory

The relevant theoretical concepts pertaining
to the cantilever device, inclusive of each con-
stituent part, will now be outlined. Possi-
ble alternative methods and the rationale for
their exclusion from the selection process will
be justified. Once each component has been
addressed, this process will culminate in the
fully realized device design, for the benefit of
the reader moving forward.

Strain Gauges

[2]As indicated in Section 1.1, strain gauges
will play the primary role in the detection of
strain on the cantilever and thus indirectly
the deflection of the adjoining tip.
The essential workings of the common linear
strain gauge are quite straightforward. The
gauge consists of a strain-sensitive resistive
bridge, the elements in which experience a
very slight change in resistance in response
to an applied mechanical strain. The partic-
ular model chosen here, the RS Pro Low Pro-
file Strain Gauge[3], has a resistance value of
120Ω but an equally frequent value of these
devices is the 350Ω alternative. In this case
the former was the choice of preference, due
to the higher sensitivity accompanying them
as a result of the naturally higher current flow
afforded by lower resistance. While the latter
offers a lower thermal noise, given the short
lifetime of this particular project, this factor
should not prove altogether significant. With
this in mind it is worth noting that exter-
nal temperature control plays a lesser though
nevertheless significant role in the heating of
these devices. Having said that, the rec-
ommended temperature range of −30oC to
+80oC is more than suitable here.
As alluded to earlier, these device only experi-
ence a slight change in their resistive response
to strain. To elaborate on this, the typical
strain gauge, when biased with +5V differ-
ential voltage across the bridge, produces a

voltage merely in the range ±(5 − 10)V in
response[4]. The need for a differential ampli-
fier thus proves entirely appropriate if these
voltage output values are to be worked with.
Though this is the typical response of the
gauges it is not necessarily indicative of what
ought to be expected from those utilized here.
The Gauge Factor (GF) of the chosen strain
gauge is 2.0[5]. According to the GF for-
mula in Equation 1, the maximum resistance
change for a given mechanical strain can be
calculated quite simply[6].

GF =
∆R/R

ϵ
(1)

If an approximation is made for a maximum
mechanical strain here of ϵ = 1mm/m =
1.0×10−3, we can calculate the expected ∆R:

∆R = R ·GF · ϵ

∆R = (120)(2.0)(0.001) = 0.24Ω

The subtle change in resistance highlights
once more the accuracy required in measure-
ment, in addition to the necessitation of a
robust amplification stage.
While the use of such a strain gauge was
included in the original proposition for this
project, the plan for their use has been notice-
ably altered. Originally the idea was touted
for four such strain gauges to be mounted
onto the cantilever in a quadrant formation.
The problems arising out of such a configu-
ration will addressed in due course, once the
Wheatstone Bridge has been introduced.
A final consideration here is to establish the
optimal location of the strain gauge on the
cantilever. As a result of the strain equa-
tion, Equation 3 below, a linear relationship
emerges, following that increases with prox-
imity to the fixed end.

ε(x) =
F (L− x)y

EI
(2)
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A useful depiction of the strain along the can-
tilever can be observed in Figure 2 below.
This graphic highlights, what intuition may
already suggest, that the greatest strain is
experienced at the point at which the can-
tilever is fixed. In actuality of course, the
strain gauge cannot be placed at this point,
but rather, it ought to be fixed as closely to
it as possible for the greatest reaction to de-
flection.

Figure 1: Distribution of strain along the
cantilever for a force experienced at the
free-extremity

Wheatstone Bridge

[7]A Wheatstone Bridge was favoured here
from the outset for the application of sensing
and exciting the relative ohmic variations.
Before delving into the workings of the cir-
cuit, a potential alternative that was consid-
ered here was that of a direct measurement
approach. In such a case, a constant cur-
rent source would be applied to the bridge
and subsequent resistance changes would in
turn force a change in potential difference. In
these circumstances, a simple non-inverting
amplifier would be opted for as a conse-
quence. A great deal of consideration for this
method was not necessary. Besides needing
to maintain a highly precise current source

for accuracy, this would also close the door to
any potential use of a multiple strain gauge
configuration. Testing the plausibility of mul-
tiple gauges was a much desired goal, to be
elaborated on in due course.
The Wheatstone Bridge itself, seen in Figure
1, is presented in this diamond shape of re-
sistor connections with a potential difference
held across two of the nodes. It subsequently
allows for the determination of an unknown
resistor value where the others are held con-
stant, this represents a quarter bridge config-
uration. It can also be extended in theory to a
full bridge configuration, wherein all four legs
of the bridge are variable resistance sources.
The output of the bridge, measured across
the two non-excited nodes, is calculated in
accordance with Equation 2[8].

Vout = Vexc ×
(

R2

R1 +R2

− R4

R3 +R4

)
(3)

Figure 2: Distribution of strain along the
cantilever for a force experienced at the
free-extremity

Bridge Configuration Selection

As an extension of what has just been dis-
cussed in the previous paragraph, a brief dis-
cussion on the selection of the most suitable
bridge configuration for this application is
necessary. While the quarter bridge config-
uration, wherein a single strain gauge is ac-
companied by three comparable non-varying
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resistors, naturally presents itself as easier
route, the allure of attempting to utilize a
full bridge configuration certainly existed.
The proposition for using four strain gauges
in the bridge is as follows. Given that all four
of the resistance values change in response
to the mechanical strain applied, the output
voltage is maximized. This larger change in
turn aids an improved Signal to Noise Ra-
tio (SNR), important for resolution consider-
ations. An additional advantage is the nega-
tion of the potential thermal effects, with
each identical strain gauge experiencing such
effects in equal proportion.
The ultimate downside to this configuration,
however, is that in reality many physical ef-
fects contribute to the often unstable fluctua-
tions observed. Where gauges are misaligned
or bonded to the cantilever in a non-uniform
manner, slight variations in resistance char-
acteristics can occur. The uneven distribu-
tion of strain across the cantilever will also
amount to disproportionate responses across
of the bridge, which post-amplification can
lead to larger variation. Many of the afore-
mentioned issues are not applicable or else
negligible in a quarter bridge configuration.
For that reason, the calibration and mainte-
nance of accuracy becomes a far easier and
controllable task.
Though an exploration of all possible config-
urations was conducted, it was decided ulti-
mately, that a middle ground was most ap-
propriate here. Rather than increased risk of
fluctuation brought on by the full configura-
tion or conversely the loss of SNR where the
quarter bridge is concerned, the half-bridge
configuration was settled for. The balanced
output observed when employing the two
strain gauges, facing opposite one another to-
ward the fixed end, undoubtedly provided the
most trustworthy response to stronger deflec-
tions.

Signal Amplification

As prefaced in previous sections the neces-
sary next component for the viability of this
apparatus is an amplification circuit. To re-
iterate, the expectation for the output across
the Wheatstone Bridge is in the region of
±(5 − 10)mV . As such, to create a usable
signal and improve the SNR, such a circuit is
an important addition.
What was known from a very early stage was
that a differential amplifier was the prime
candidate to handle this role. Initially, any
differencing amplifier was thought to be capa-
ble of this undertaking. However, after con-
sideration was afforded as to the ideal prop-
erties desired here, a distinction was made in
the selection process. Within a subcategory
of the differential amplifier family is the in-
strumentation amplifier. First suggested in
frequently resorted to literature, this ampli-
fier presents some significant characteristics
in addition to those commonly seen in their
standard differencing counterparts. These
specific characteristics along with the fac-
tors which instigate their requirement will be
briefly outlined now.
It is known that the strain gauge and the
bridge in its entirety have relatively high
impedance. This fact, coupled with the weak
output signal, in the low millivolt range, in-
curs the potential for the amplifier to draw
current from this circuit. Instrumentation
amplifier are designed with a particularly
high input impedance, typically in the range
(10MΩ to 10GΩ), thus negating such a pos-
sibility.
Differential circuits, of which the Wheatstone
bridge is one, have characteristically small
output voltages, superimposed on a larger
common-mode voltage. This common mode
voltage is typically a significant measure of
the excitation voltage and it is pertinent that
it be rejected. An amplifiers measure of ef-
fectiveness for performing such a duty is the
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common mode rejection ratio (CMRR)[9]. In-
strumentation amplifiers offer a hefty CMRR
relative to their more standard counterparts,
typically boasting values in the range (100-
140 dB).
These were the primary contributing factors
for the preference of this particular amplifier.
The more standard benefits of stability, pre-
cision gain and low offset voltage all apply in
varying levels of significance dependent upon
the specific model chosen.
Taking all of the aforementioned matters
into consideration, the chosen instrumenta-
tion amplifier for this project was the Texas
Instruments INA122P[10]. Without delving
too deeply into the technical aspects of the
chip, which can all be found in the refer-
enced datasheet, the most important param-
eters are highlighted here in Table 2.

Table 1: Key Specifications of the Texas In-
struments INA122P

Parameter Value

Supply Volt. Range 2.2V – 36V

Input Impedance 109 Ω

CMRR 94 dB (typ)

Offset Voltage 250 µV (max)

Gain Range 5 – 10000

Bandwidth (G=100) 20 kHz

Table 2: INA122P Instrumentation Ampli-
fier Parameters as per the Datasheet

Setting the gain, applicable to the range
as outlined in Table 2, is done according to
the gain equation as it appears in Equation 4.
This range is entirely suitable for the require-
ments of the project and a gain anywhere in
the region of G=80-200 would likely be within
the workable limits. Details of the exact gain
chosen will be elaborated on further in Sec-
tion 2.1.

G = 5 +
200kΩ

RG

(4)

As per the official datasheet this amplifier
supports the use of both single and dual
power supply configurations. While this may
be the case for a number of circumstances,
it was not found to be the case here. More
on how this came to light and the subsequent
ramifications can be found in Section 2.1 or
within the Logbook which accompanied this
experiment.

Cantilever Deflection

The physical phenomena at play throughout
the mechanical deflection of a cantilever are
of great importance in this project. The root
of the entire height measurement process is
founded on the properties at play here. Being
able to reliably predict the response of this
device to a given impulse ranks very highly on
the list of key aspects for the accurate com-
pletion of such an undertaking.
Cantilevers come in multiple forms, though
possibly obvious to the reader, its important
to understand which one in particular is being
utilized here. The fixed-free cantilever hap-
pens to be as simple as they come. The key
parameters that influence the mechanical re-
sponse to a given force are the length of the
beam (L), the inertial moment (I), and the
Young’s modulus (E).
These parameters each play a key role in
Equation 5 seen below. This equation out-
lines the relationship between deflection (δ) of
the cantilever for a given force (F) impinged
on the free extremity[11].

δ =
FL3

3EI
(5)

With that the applicable theoretical con-
cepts, necessary for the uninhibited under-
standing of the details of this report, have
now been outlined. Should additional read-
ing with regard to any of these specific cate-
gories be desired, some such sources of infor-
mation have been included under the Addi-
tional Reading subsection of Section 5.
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2 Methodology

2.1 Apparatus

The physical production of the cantilever de-
vice accompanied with its circuitry comprised
a central role and lengthy role in the overall
scheme of this project. Many avenues of ap-
proach were considered and in certain cases
pursued for a period of time. Where an ap-
proach was ultimately ceased but determined
to provide additional insight to the nature of
the device, it has been included in this sec-
tion. One such example, as alluded to earlier,
was the initial design choice centred around
the use of four strain gauges in a full config-
uration Wheatstone Bridge. This pursuit is
noteworthy and as such will detailed until the
point at which the determination was made
to alter the number of gauges.

Figure 3: Pin Diagram for the INA122P
Amplifier Chip

Preliminary Approach

The foundational work, having collected the
necessary components as outlined in Section
1.2, was to test each item individually. In do-
ing so a greater appreciation for the manner
in which they contribute to the project was
gained. The suitability of a strain gauge and
metallic ruler type cantilever was tested us-
ing similar models of both which were fortu-
nately at the disposal of the team. The ruler
was fixed at a given length and the resistive
fluctuations of the strain gauge (pre-installed
on the beam) were observed. This initial trial
indicated approximately ±0.3Ω variations for

reasonably strong strains. Such figures, in
alinement with what was proported, afforded
a level of confidence in the in the ability of
this apparatus going forward.
Similar trials of the amplifier were conducted
in order to establish the correct order and
functionality of its pins, as seen in Figure 3.

Construction

The construction of the apparatus began with
the strain gauge and cantilever device. From
Section 1.2, it is known that the greatest
strain experience by a fixed-free cantilever
is experienced at the fixed extremity and
decreases linearly towards the free extrem-
ity. As prefaced here, four strain gauges
were to be fixed to the cantilever. Given
the fact that at any point 2-3 of these de-
vices could be uninstalled from the circuitry,
their inclusion was doubtless the appropriate
choice. Once the positioning was determined,
wherein two gauges sit opposite each other
toward the fixed end and two in equivalent
tandem toward the free end, they could then
be mounted.
A cyanoacrylate adhesive, as specified in the
Radionics datasheet[12], was used for the pur-
pose of fixing the strain gauges to the surface
of the ruler. The surface was first cleaned
before a reasonable amount of adhesive was
applied. The strain gauges were then individ-
ually placed, in a careful manner, onto the
adhesive locations and pressed down to en-
sure solid contact had been made. Given the
delicate nature of the gauges, any lifting of
the body off of the contacted surface could
result in inaccuracies later in the process.
With the gauges fixed in place, the contact
pads were then set down using their self-
adhesive backing, at a suitable distance in
proximity to the legs of each device. Be-
fore soldering took place, wires long enough
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to reach the accompanying circuit were cut
for this purpose. Each set of wires were then
manipulated into twisted wire pairs. Though
this approach of twisted wire pairs can cer-
tainly help to reduce noise in due to electro-
magnetic fields, the main purpose here was
actually to maintain a neat wiring structure.
Neatness of circuitry and wiring is paramount
to the potential troubleshooting that is nec-
essary later in projects akin to this one.
With the wires prepared, the exposed end of
each were placed on the contact pads along-
side the respective legs of the strain gauges,
where soldering could then take place. After
this process concluded, each pad was tested
for successful connection and it was ensured
that no cross-contact was present. The un-
used ends of the twisted wire pairs were then
entered into a breadboard[13], in the four re-
sistor positions of a Wheatstone bridge cir-
cuit. In this circuit, two of the wire pairs
connect from the positive supply to the main
board and the remaining two connected re-
spectively in series from the board to ground.
The differential voltage can then be out-
putted from the nodes between the two sets
of wire pairs. A similar representation of this
is as seen in Figure 4. While this was the
initial setup, the alteration made in order to
convert this circuit to one suitable for a dual
strain gauge setup, was to replace two of the
four wire pairings with equivalent value resis-
tors, i.e 120Ω.
The aforementioned outputs from the bridge
then act as the inputs to the amplifier circuit.
Where space allows, as was the case here,
the amplifier circuit could neatly be arranged
on the same breadboard as the Wheatstone
bridge. Each output is wired into the -IN and
+IN pin respectively, as they appeared in Fig-
ure 3. As outlined in Section 1.2, the possibil-
ity exists for this amplifier to be configured in
a dual or single power supply setup. Initially,
a single power supply setup was favoured for
the simplifying nature of power arrangements

amongst the project group as a whole. How-
ever, made apparent through a series of tests,
was the conclusive determination that the
single power supply configuration as it ap-
peared in the datasheet did not function ac-
cordingly.
With the fact now established that the sin-
gle power supply would not work for out cir-
cuitry, the dual power supply configuration
was deemed to suffice. Voltage supply of±5V
was setup on the rails of the breadboard and
wired into the V+ and V- pins of the chip.
While multiple gains were also tested, the
most appropriate appeared to be G=100. Ac-
counting for the bridge output being in the
range ±5 − 10mV , a gain of this magnitude
returns values typically in the 0 − 1V range
when accounting for appreciable offset and
other inherent variations. To set this gain
Equation 4 was rearranged in order to calcu-
late the required gain resistor RG.

RG =
200kΩ

100− 95
≈ 2105Ω

This indicates that a 2.1kΩ resistor ought to
be placed across the 1-8 pins of the INA122P.
With that, the final step in configuring the
amplifier circuit is to ground the unused ref-
erence pin Vref . Unfortunately, this was un-
beknownst to the author in preliminary re-
search and caused a moderate deal of con-
fusion. Where this pin is grounded no such
offset should appear in the voltage output.
Now that the amplifier is setup, the single
ended output is suitable for measurements to
be taken and the calibration process to begin.

2.2 Calibration

The calibration of such a device is paramount
to the accurate return of height measure-
ment. As such, various methods of complet-
ing this process in the most accurate manner
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were considered. While ideally, the deflec-
tion of the of the cantilever itself could be
directly related to change in output voltage
from the circuit, this proves a more difficult
task where accurately determined incremen-
tal deflections are required. The use of a mi-
crometer was touted as a possible manner in
which this could be executed, however, given
the difficulty securely mounting the microm-
eter and cantilever in suitable positions, al-
ternate methods were sought.
The situation in which greatest controllabil-
ity was predicted, was that of a hook and
mass calibration, wherein a hook is attached
to the free end of the cantilever and known
masses are added successively. Before begin-
ning this process, the cantilever must be fixed
in place at the correct length. The easiest way
to ensure reliability in the calibration was to
first integrate the device into the proposed
permanent position on the extruder box of
the 3D printing rig. To hold the cantilever in
place, alongside a number of other adjacent
components, two portable vice clamps were
utilized to impose a secure hold.
With the cantilever in place, the accompany-
ing circuit was secured at a suitable distance
on the exterior of the printing rig. The cali-
bration process could now begin. The weights
procured for this undertaking were a uniform
set of calibrated laboratory weights. Each
member of the set was weighed individually
on the laboratory scales to ensure the accu-
racy of the apparent values and any discrep-
ancy or error noted. All error and uncertainty
have been detailed in Section 3.2 should fur-
ther interest need satisfaction.
Initial readings of the cantilever were
recorded prior to weight being added. Once
it was observed that outputs were in fact ap-
preciably stable, the process of added weights
began. For each addition of weight to the free
extremity, a set period of time was observed
before the voltage was recorded. For the pur-
pose of accurate voltage measurements the

standard digital multimeter (DMM) was not
used here. In lieu of this, the AIM-TTi 1908
51
2
digit benchtop multimeter was utilized.

Once the maximum weight and this deflec-
tion was observed, the same process was then
conducted in reverse. This final step of the
calibration was added in order to check for
hysteresis in the system. All results from this
calibration can be found in Section 3.

2.3 Software Implementation

Once the calibration equation has been suc-
cessfully extracted following the completed
calibration process, the output of the ampli-
fier can then be routed to the National In-
struments DAQ. Its implementation into an
executable software program is then the next
step in the process. While the end-goal on the
software side of the project is naturally the
synchronisation of each individual members
code in an all encompassing script, creation
of individual sub VI’s and then subsequent
amalgamation is the easiest route forward.
The chosen software here is National Instru-
ments LabView. For those unfamiliar, this
is a graphically oriented coding environment
which uses G, its native dataflow-based lan-
guage.
Using LabView, the DAQ assist function was
utilized to output the voltage value being
read from the amplifier circuit output. This
voltage was then treated with the calibration
equation as found previously. As alluded to
previously in Section 1.2, the voltage to mass
equation does not equate to deflection. In-
stead, Equation 5 ought to be incorporated in
order to get a true deflection value. As such,
treating the force (F) as (M × g) the equa-
tion returns the following relationship, which
calculates a value of deflection in metres.

δ =
(9.8ms−2)(0.13m)

(3)(190× 109Pa)(2.81× 10−12m4
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= 0.013 ·M

The other crucial component of the stan-
dalone coding infrastructure before the amal-
gamation of code is concerned, is the imple-
mentation of a digital tare. Given the finicky
nature of strain gauges and the circuitry that
accompanies them here, it is only natural
that the offset seen in the calculated calibra-
tion equation differs slightly from that seen at
the beginning of any given session. As such,
the voltage, where no appreciable deflection
is imparted, ought to be counteracted in or-
der to display a zero deflection measurement.
The idea of a digital tare is to allow such a
zeroing at any given moment.
In order to implement this mechanism, a
boolean comparison logic was devised. Using
a comparison block, triggered by a boolean
constant, the current value of voltage out-
putted from the DAQ can be written to a lo-
cal variable. At any other point in the coding
structure, a ‘read’ equivalent for the same lo-
cal variable can be subtracted from the DAQ
assist output.
Though these are the building blocks behind
the cantilever’s coding logic, the reader may
understandably question as to where this fits
into the overall, amalgamated coding struc-
ture. While detailed versions of the code may
be referred to in the appendix, the following
is the general running order of the code.

1 The Z-axis motor begins to lower, until
the photodiode array detects the laser
which has been deflected off of the can-
tilever.

2 Once this threshold voltage is reached (i.e.
the tip of the cantilever has reached the
object being scanned), the cantilever
output is set to tare. Zero deflection
should now be outputted.

3 Simultaneously, the raster scanning motion
in the X-Y plane and the continuous

recording of objects height occurs. The
height values are then compiled into an
array before before being written to a
.csv file.

4 Utilizing specified X-Y arrays along with
the newly created Z-height array, the
data is now ready for post processing.

2.4 Testing Procedure

With the completion of the software imple-
mentation and the full integration of both the
components outlined here as well as the laser
and photodiode array, the testing of the entire
system can commence. This process within
the overall scheme of such a project can be-
come rather convoluted. In order to ease the
difficulty that can arrive with the amalgama-
tion of a number of individual components it
must be assured that a robust procedure is
adhered to.
This procedure involved the testing of each
component in order of utilization to ensure
that the integration process had been com-
pleted without provoking any further issues.
Testing each stepper motor on a separate cod-
ing script, the laser and photodiode, and fi-
nally the cantilever device all took place be-
fore commencement of the overall tests.
Once these formalities had concluded the
master copy of the LabView code was ini-
tialized as specified in the previous section.
With the system ensured to share a common
ground, the power supplies were switched to
output and the device allowed to operate in
the absence of any sample test piece. The
lack of a test piece here was purely to ensure
that a synchronous harmony played out be-
tween the respective components.
Further testing was layered incrementally in
complexity, with the additional tests of laser
voltage thresholds, cantilever tareing tech-
niques, differing test pieces, scan sizes and
more.
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3 Results & Analysis

3.1 Deflection Measurement

The results of the outputted deflection mea-
surements varied periodically over the course
of the project as different approaches and
methods were tested and implemented. The
following results represent those obtained in
the finalized configuration as has been out-
lined previously throughout Section 2. All
error and uncertainty values included within
this section are a result of the workings which
can be referred to in Section 3.2.

Calibration

The most stable calibration procedure suc-
cessfully undertaken proved to be that which
was described previously, wherein calibrated
masses were added sequentially to the free ex-
tremity of the cantilever. The range of masses
and the recorded voltage values from the out-
put of the amplifier circuit can be seen be-
low in Table 3. The corresponding plotting
of these values is shown in Figure 4, though
the masses have been multiplied by the ac-

celeration due to gravity in order to plot the
more desirable Force versus Voltage relation-
ship.
Readily apparent from this calibration plot, is
the precisely linear relationship between the
applied Force and the output voltage. This
aligns with predictions and can therefore be
fitted using a rudimentary linear fitting as
seen in red on the graphic. Though small,
error bars have been included this plot, as
calculated in Section 3.2.
Using the linear fitting function that has now
been created, the equation of this line cor-
responds to that of the calibration equation.
This equation was returned as:

V = (0.1036±0.001)F+(2.7818±0.006) (6)

Should it be of interest to the reader,
additional calibration data for the unused
quarter-bridge and full-bridge configurations
of the Wheatstone bridge have been included
in the Appendix.

Mass (g) Voltage (V)
0 2.788
100 2.887
200 2.996
300 3.075
400 3.178
500 3.279
600 3.390
700 3.494
800 3.610

Table 3: Mass added to cantilever
vs. amplified bridge output voltage. Figure 4: Calibration curve, corresponding to

data seen in Table 3 - showing relationship be-
tween output voltage versus Force
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Output Testing

Given the completion of a seemingly satis-
factory calibration and the production of the
Equation 6, the calibration equation, prelimi-
nary testing of the deflection outputs was de-
cided upon. These tests served as rudimen-
tary guidelines for the accuracy of the can-
tilever readings, primarily intended to indi-
cate whether overall integrated system tests
could commence. As such the data sets were
brief in depth and rigour. Nevertheless their
inclusion here ought to justify the accuracy
of the calibration equation seen previously.
The ‘true’ height increments in question, were
that of a simple 3D printed set of stairs with
step heights of 0.3cm up to a total Z height

of 1.5cm. The distinction between the results
in ‘Deflection 1’ versus those in ‘Deflection
2’ is that the former utilized the standard
Equation 6 calibration value. In contrast, the
latter of the two headings utilized a value of
double the stated calibration equation.
This result is damning of the calibration
equation in the sense that its closest percent-
age difference was that of 65.47% in compar-
ison with the doubled values optimum per-
centage difference value of 9.67%. Though
an unfortunate finding, it highlights the mis-
behaviour of the original calibration and had
time allowed within the boundaries of this re-
ports submsission, would have allowed for a
fresh attempt with a result in the region of
V = (0.20− 0.30)F expected.

Increment (cm) Voltage(V) Post Tare Deflection 1(cm) Deflection 2 (cm)

0.0 2.746 0 0.000 0.000
0.3 2.614 -0.132 0.545 0.271
0.6 2.496 -0.250 1.032 0.513
0.9 2.360 -0.386 1.594 0.793
1.2 2.254 -0.492 2.032 1.010
1.5 2.145 -0.601 2.482 1.235

Table 4: Experimental data with percentage differences.

3.2 Error Analysis

[14]Throughout an experimental process such
as the one described here, many sources of
error and uncertainty arise. While simple to
catalogue initially, it is vital that the prop-
agation of these metrics be carefully moni-
tored and treated appropriately. The primary
sources of error here come in the form of in-
strument resolution and uncertainty, opera-

tor fault, inherent equipment error, and as-
sumptions of certain unknown values such as
Young’s modulus.

These uncertainties present themselves
primarily in the calibration process, deflec-
tion equation, and general signal acquisition.
Each individual measurement value is first
addressed in a compartmentalized manner.
Where uncertainties combine, a propagation
treatment is required, as detailed below.
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Calibration

Mass Uncertainty

Given a mass measurement uncertainty of ±0.5 g, the force uncertainty is:

∆F = ∆m · g

DMM Uncertainty

For the DMM used here the following specification apply:

Accuracy = 0.02%, Resolution = 1µV

Total voltage uncertainty:
∆V = 0.02V +Resolution

∆V = 0.02V + 1× 10−6V

Revised Calibration Equation

Applying the above uncertainties to the Python plotting script for the calibration values,
the following revision of the calibration equation is computed:

V = (0.1036± 0.001)F + (2.7818± 0.006)

Deflection Equation

The deflection of a cantilever beam under a force F at length L is as previously stated in
Equation 5:

δ =
FL3

3EI

Uncertainties in the parameters contribute to the total uncertainty. Given the length of the
following equations, a wide format will temporarily be utilized:

∆δ

δ
=

√(
∆F

F

)2

+ 9

(
∆L

L

)2

+

(
∆E

E

)2

+

(
∆I

I

)2

(7)

With given values:

∆F = 4.9× 10−3N, ∆L = 1× 10−3m, ∆E = 2%× 190 GPa

Inertial Moment

Before continuing Equation 6, we must first examine the final term, which represents the
relative uncertainty in the moment of inertia. As known from Section 1.2, this requires
further propagation. Using the equation for the moment of inertia and the recorded values
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with associated uncertainties:

I =
bh3

12
.

∆h = 1.05 mm± 1× 10−2 mm, ∆b = 29.13 mm± 1× 10−2 mm

∆I

I
=

√(
0.02 mm

29.13 mm

)2

+ 9

(
0.03 mm

1.05 mm

)2

∆I

I
= 9.579× 10−4

Averaging Values Approach

Since force varies continuously, an averaging approach is employed to reduce large relative
errors for small force values. The mean of the force values is calculated as:

Favg =
1

N

N∑
i=1

Fi (8)

Deflection is then calculated using the Favg value, obtained from the dataset and given as
Favg = 3.92N :

δavg =
FavgL

3

3EI

=
(3.92N)(0.13m3)

3(190× 109)(2.81× 10−12)

δavg = 5.38 mm

Final Deflection Uncertainty

∆δ

δ
=

√(
4.9× 10−3N

3.92N

)2

+ 9

(
1× 10−3m

0.130m

)2

+

(
2%× 190 GPa

190 GPa

)2

+ (9.579× 10−4)2

∆δ

δ
= 0.088 = 8.8%
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3.3 Topographical Output

Though in hindsight, the trustworthiness of
the calibration equation used here is doubt-
ful, as witnessed in Section 3.1, it was utilized
in the testing of the overall system. This was
done in the interest of progression under the
limiting time constraints of the project and

in order to establish the working order of the
device as a whole. Given the overarching goal
of the project is to produce a topographical
image of a given surface, even one indicate of
the true contours lends itself to the idea that
such a device is capable of being produced in
the manner outlined.

Figure 5: The graphical reconstruction of the test piece used for comparison with pro-
duced plots seen in Figure 6.

As of the time of writing, a single test of
the apparatus was completed in its entirety.
This test confirmed that the constituent com-
ponents were successfully installed and code
scripts amalgamated harmoniously. The test
piece in question here bore the shape of a
flattened dome, ideal for the non-impeding
testing sought, while also providing constant
height deviation. A rudimentary reconstruc-
tion of the object can be seen in Figure 5.
Below in Figure 6 (a-c), the surface profile as

produced by the system testing can be ob-
served from multiple differing perspectives.
Readily apparent is the ungainliness of the re-
production, though the relative displacement
suggests that with greater testing and trou-
bleshooting, far greater accuracy may yet be
achieved with this device.
Multiple factors may have induced such noise
and variability, these will be discussed in
some detail in Section 4.
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(a) 45◦ X-Y View

(b) Elevated Y-Plane View

(c) Top Down View

Figure 6: Different Perspective Views of the System
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4 Discussion & Conclusion

4.1 Summary of Findings

With the culmination of this eight week col-
laborative effort into the design, develop-
ment, and subsequent investigation of a sur-
face profilometer, vast learnings have been ac-
cumulated.
Throughout the preliminary theoretical in-
vestigation, the nature of each component
was stripped back and a greater understand-
ing of components such as instrumentation
amplifiers, strain gauges, Wheatstone bridges
and more was developed. The technical as-
pects necessary for the successful interfac-
ing of specific components was ensured and
strong foundations for the undertaking of this
project were set.
Though much deliberation ensued over var-
ious configurations of components, such as
the selections of the number of strain gauges
used or the power supply of the amplifier cir-
cuit, the crux of each conundrum was routed
out and justifications of every step outlined
in full. The choice, ultimately, to employ a
half-bridge Wheatstone bridge configuration,
with both strain gauges facing opposite each
other on the cantilever, proved the most ef-
fective method. With the benefit of stability
on its side over the full four gauge setup, yet
maintaining a greater resolution than the sin-
gle gauge, the compromise was deemed wor-
thy.
The physical integration of constituent com-
ponents, though tricky given the working di-
mensions of the printer housing, progressed
smoothly and resulted in the harmonious syn-
chronization of all moving parts and other-
wise. The LabView code which empowers the
entire system is comprised of an seamless of
the codes created by individual team mem-
bers. While dense in appearance, through
much troubleshooting, the final product per-
formed its task with distinction according to

all available testing.
The calibration of the cantilever, while satis-
factorily undertaken, provided a result which,
after testing, appears to be a factor of two
too large. This misgiving resulted in some
smaller numbers in the limited testing af-
forded to the team. Nevertheless, the linear
action of the device in response to increasing
and or decreasing step values signifies that,
with a little more tinkering, the cantilever
ought to be suitable for the task at hand.
Final testing of the system, in its final
form, resulted in slightly noisy, and some-
what skewed reproduction of the intended
test piece. With that said, the overall spirit
of the test piece remained intact. That is to
say that though the particular smoothness of
the piece was lost, the contours and general
form of the surface were captured in a rela-
tively accurate manner. This result implies
a great deal of hope be afforded to the fu-
ture development of the surface profilometer
and with more time invested in the testing of
the device, a great level of accuracy may be
achievable.

4.2 Future Improvements &

Application

While the current iteration of this device may
be of little application at this stage of its de-
velopment, there is certainly great scope for
the betterment of its functionality in the near
future.
While working with the device itself, it is
readily apparent that its use, should resolu-
tion be enhanced, may come in a maelstrom
of forms. One such use may be its application
in the digitization of any particular item one
desires. For example, instead of creating a
laborious digital model of an object, the sur-
face profilometer could be a quick and seam-
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less way to recreate it. If it could be inter-
faced with a CAD like program or perhaps a
graphics design software, the possibilities in
this field are undoubtedly plentiful.
Specific improvements to the device have
been proposed in many forms throughout the
project, with multiple appearing in the ac-
companying project logbook. In a future it-
eration, the idea of utilizing the laser and
photodiode array as an additional form of
height measurement would be highly desir-

able. The dual approach to deflection mea-
surement could be melded into a single sys-
tem wherein the statistical average of their
values be utilized for the final output.
As for the cantilever device in particular, the
installation of an automatic calibration pro-
gram has been tentatively looked into since
the calibration process began. Though this
implementation has not investigated as of the
time of writing, its proposed benefit is merit
enough in itself for great consideration.
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7 Appendix

Additional Circuit Sketches / Diagrams

Figure 7: Original cantilever schematic

Figure 8: Basic wheatstone birdge to instrumentation amplifier and DAQ circuit schematic

20



Figure 9: Images of the finalized Surface Profilometer displayed in the laboratory
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Figure 10: Indication of the raster scanning XY movement pattern

Figure 11: Original Calibration curve for the four strain gauge setup
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Figure 12: Z-motor code sample

Figure 13: Cantilever digital tare of output code sample

Figure 14: X-Y stepper motor and height value extraction code sample
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