Design and evaluation of a technology-driven intervention
to represent graphical data in a non-visual form

Abstract

Visual representation of data in graphical form is ubiquitous in science teaching. However, this is

often inaccessible to visually impaired students, with few alternative formats available. Where

alternatives exist, they are often expensive, complex, and limited in scope.

This research aimed to design and build an inexpensive system that could take real-world data
typical in chemistry degree courses, in this case from a high-performance liquid chromatography
(HPLC) or gas chromatography (GC) instrument and present it in a form that engaged visually
impaired students could engage. Several methods were used to achieve this. 3D CAD using a visual
programming language was used to convert data into 3D models for 3D printing. A resistive
touchscreen, simple electronics, and a voice synthesiser were used to "read" the 3D prints.
Participants under simulated blindness conditions evaluated the system in two sessions. The initial
results were promising. The evaluations showed it was possible to analyse data holistically, spot
trends, and drill down to extract discrete values. Further development opportunities leading

towards a viable production version were identified.
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2.  Abstract

Visual representation of data in graphical form is ubiquitous in science teaching. However,
this is often inaccessible to visually impaired students, with few alternative formats

available. Where alternatives exist, they are often expensive, complex, and limited in scope.

This research aimed to design and build an inexpensive system that could take real-world
data typical in chemistry degree courses, in this case from a high-performance liquid
chromatography (HPLC) or gas chromatography (GC) instrument and present it in a form
that engaged visually impaired students could engage. Several methods were used to
achieve this. 3D CAD using a visual programming language was used to convert data into 3D
models for 3D printing. A resistive touchscreen, simple electronics, and a voice synthesiser
were used to "read" the 3D prints. Participants under simulated blindness conditions
evaluated the system in two sessions. The initial results were promising. The evaluations
showed it was possible to analyse data holistically, spot trends, and drill down to extract
discrete values. Further development opportunities leading towards a viable production

version were identified.

3. Introduction

Traditional science teaching relies significantly on visual instruction, making many areas of
science where concepts and information are presented visually inaccessible to students with
visual impairments?. It is widely understood that students with visual impairments have the
same cognitive abilities as sighted students and, with adjustment in the teaching, can
master higher-order scientific concepts®>*. However, in higher education, science educators
may lack experience with visually impaired students and often struggle to provide quality
instruction to them®3. Furthermore, the proliferation of visualisation technology, much of it

inaccessible to the visually impaired, continues to disenfranchise these students.

Figures recorded by the World Health Organisation show 2.2 billion people with some form

of vision impairment.® These are classified, according to the International Classification of
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Diseases 11 (2018), into two groups; distance and near vision impairment. These can be

further classified as
Distance vision impairment:

e Mild —visual acuity worse than 6/12 to 6/18
e Moderate —visual acuity worse than 6/18 to 6/60
e Severe —visual acuity worse than 6/60 to 3/60

e Blindness —visual acuity worse than 3/60

Visual acuity is assessed using the Snellen scale. On this scale, normal visual acuity is called
6/6, which corresponds to the bottom line of the standard eye test chart. The first number is
this distance from the chart; the second corresponds to the number of lines read off the
chart. For example, if only the top line can be read, then this would be recorded as 6/60,
which means that what can be seen at 6 metres is what someone with standard vision can

see at 60 metres.

More than 2 million people in the UK have sight loss severe enough to impact their lives
significantly, defined as best corrected visual acuity of (BCVA) <6/12. This figure is predicted
to double by 205078,

The Royal National Institute of Blind People (RNIB) highlights that despite legislation, there
is an experience of inequality for blind and partially sighted people. Most visually impaired
children are taught in mainstream education; however, a variation in provision deprives

many of them of specialist support®.

This inequality continues into the workplace. The barriers to visually impaired people
entering the workplace can be separated into three categories: personal barriers, societal
barriers and programmatic barriers. Personal barriers include low confidence, lack of
independent mobility and lower-level qualifications. Societal barriers include a limited
understanding of visual impairment and employers' unwillingness to make adjustments.

Pragmatic barriers include a lack of employment support and a perceived benefits trap™®.

In 2020 the employment rate for visually impaired people of working age was 48%. (Overall
employment rate is 78%, non-disabled 81% and other disabilities 53%)*!. The RNIB survey!

identified that similar to people without a disability, the situation improved with
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qualifications. (73% for visually impaired people with a degree) 90% of employers state that

it would be “difficult” or “impossible” to employ a visually impaired person.!?

Employer attitudes to visually impaired people vary. Only 60% are willing to make adaptions
despite the employer's obligations to the equality act. 62% of visually impaired people in

employment have special aids or equipment to help them at work.!3

An RNIB study found that science, along with engineering and technology, had the lowest
number of employment outcomes (5%) for Blind and Visually Impaired (BVI) people*

compared to other occupations such as administration.

4, Literature Review

Scientists typically are visual communicators and thinkers®s, as Miller'¢ states, "the history of
scientific thought incontestably bears witness to scientists' desire for visual imagery".
Therefore, it is no coincidence that the teaching of science is not only through the written
word but relies significantly on visual forms such as diagrams, charts, illustrations,

schematics and plots.

The use of modern technology continues this trend facilitating the introduction of these are

incompatible with accessibility devices such as screen readers?’.

4.1 General overview of assistive technology for BVI students

Tactile and haptic interactions

Presenting data and information in a form accessible by BVI students has resulted in many
different haptic/tactile approaches. Tactile is generally defined as being “connected or
perceived by touch”. Haptics is derived from the Greek word haptikos, which means
“concerning the sense of touch”. Fourney and Carter*® found there is little consensus on the
definition of tactile and haptic interactions. They found that some researchers used haptic
as a special case of tactile and others vice versa with tactile used in reference to static touch

and haptics as dynamic.

Several authors use the term haptic to describe either dynamic or static feedback.

Specifically, Gabbard and Hix* and Durlach and Mavor? suggest that there are two types of
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feedback kinaesthetic and tactile. Tactile feedback generally refers to sensing an object by
nerve endings in the fingers, such as vibration, friction or deformation. In contrast,
kinaesthetic feedback refers to the dynamic manipulation of an object where the object is
felt through joints and muscles. For instance, sensing weight, amount of stretch and joint
angles of the arm, hand, wrist and fingers. A haptic interface, therefore, by this definition, is
a device that reproduces the sensation of contact and manipulation of an object found in a

remote or virtual setting.

Different technological approaches to teaching BVI students

Many different techniques have been employed in teaching BVI science students. Some of
these interventions rely on touch, such as Braille-labelled magnetic letters and numbers and
molecular geometry using magnetic Lewis dot structures?, tactile drawing boards and
graphics?, tactile drawings using hot glue guns and tactile pens® to make raised letters and

diagrams. Inkjet printing has also been evaluated as a device for printing tactile graphics?#?.

Other devices convert information to audio outputs, such as text-to-speech screen-
readers?, however, although there has been an increase in electronically available
textbooks, Burch and Pawluk?” suggest that visual images within 70% of these do not contain

any accompanying description in the text.

Laboratory instruments with speech synthesis outputs?*2%? are available however, these
tend to be expensive. As an example, the Sci-Voice TM Talking LabQuest 2 package is $2500
- $3000.

Research has been undertaken using more complex technology. Haptic devices, such as
PHANToM, are used. (fig 1) This pointing device has a range of motion that simulates the
lower arm connected to a passive stylus and gimbal. It provides positional sensing and force

feedback. Through this, PHANTom users “feel” their way around virtual objects*331,
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Figure 1 PHANTom stylus and gimbal in use

Sequential tracking is required with these types of point probe devices. Within the literature
reviewed*¥, although users could describe features of the virtual model, it was unclear if
they had a concept of the overall shape and form. Despite researchers' comments that the
devices are not expensive, this is subjective, and at well over £1000 for the PHANToM Omni,
it is possible that educational establishments would find this prohibitive. As with other

interventions, significant prior preparation would be required to provide virtual models.

Other interventions using pointing devices have been explored, such as a tactile display

system that raises and vibrates pins® and force feedback tablets for recognising shapes?®.

3D printing technology has been utilised to produce tactile models either as full 3D or 2.5-
dimensional models (bas-relief)**35. Other uses of 3D prints have been investigated, such as
using a 3D print as an overlay that can provide an audio description on a smartphone or

tablet®®. Using tablets coupled to vibrating gloves to “feel” images has been explored?’.

4.2 Data visualization

A central tenet of scientific literacy is the ability to visualise and interpret data in the form of

graphs and charts3°. Within this review the existing possibilities to represent data in non-
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visual form interactions such as audio, sonic and haptic/tactile will be explored, specifically

on the representation of numerical or abstract mathematical concepts.

Data analysis is an essential requirement in science and many other professions. Much use
of spectra and graphical data is used to portray visually numerical information. In these
formats, it is easy to identify trends, spot maxima and minima and drill down to discrete
values. Although there are exceptions, screen readers that convert text to speech cannot
“read” charts and graphs®. Portraying this information for a BVI person is problematic,
resulting in the disenfranchisement of screen reader users*-#>**, Watanabe and Mizukami
found that BVI users that used tactile graphs could identify relationships between two

variables quicker than through electronic tables, read by screen readers, or haptic tables*.

Several low-tech methods have been employed to provide tactile representations of
standard data visualisations, such as pie charts, bar charts and line graphs. Pins stuck into
cork boards and joined by rubber bands have been used to represent line graphs3*>%, Other
methods use heat-raised paper, such as "swell paper". This type of paper can be printed on
a standard laser printer. It is then put through a machine that heats the paper. Where there
is black ink, it swells and creates a tactile image**. Watanabe and Mizukami, as noted

above, used a braille embosser to produce tactile scatter graphs.

Several projects have used haptic interface devices, such as PHANToM, to provide force
feedback. Ramloll & Brewster* used primitive line graphs represented as virtual cylinders.
These are “read” using the PHANToM force feedback device. The research found that
limitations of force feedback, such as the pointer slipping of cylindrical objects, resulted in a

distorted perception of the line graphs.

Other researchers have combined force feedback with sonification. Grabowski and Barner>°
evaluated a multimodal visualisation system. They used the PHANToM interface to navigate
a tri-mesh surface created from datum points or mathematical functions. Basic sonification
was added by assigning the pitch of a sine wave tone to represent the height of the
surfaces. They found that the addition of sound in this way was an improvement on solely
haptic visualisation. The enhanced orientation created less ambiguity than touch alone. In a
similar vein, Ramoll et al.?! used the Phantom device to investigate a line graph. In this case,

two computers were used, one for PHANToM and a second to produce an audio output. y

Page 8 of 80



values were represented by pitch and positive and negative x values by the position of the
sound within the stereo soundscape. Speech synthesis was also utilised to give exact xand y
values. Although this combined sonification and force feedback seems promising, the

authors of these studies provided little in the way of evaluation.

Another example of multimodal data visualisation is a “data” glove with vibrating actuators.
The glove gives haptic feedback when the fingers touch graphical elements on a
touchscreen. The touchscreen also provides an audio output that is attached to graphical
elements®. This method had some success, especially in allowing BVI users to understand
the shapes of the graphics and their relative positions to each other. However, it still

requires prior preparation of the accessible graphics®..

Converting online data to sound can be achieved using text-to-speech screen readers.
However, most of these applications will only read out tables of data*:. As remarked above,
data tables are challenging to interpret, whereas, in contrast, graphic forms are easier to
understand®. However, there has been some progress in this area with the creation of open
source software such as VoxLens®? that can interpret JavaScript visualisations, a data
visualisation library for creating basic line and bar charts from data sets, and convert to
speech. The audio output allows users to interact with the information and drill down into
the discrete values with voice commands. An added feature of VoxLens is to allocate musical
notes to data. This approach has been trialled in other research, converting CSV files to midi
data® and combining haptic pointing devices to produce spatial soundscapes. There are
limitations with VoxLens, such as compatibility across browsers and reliance on preprepared

Javascript visualisations.

Touchgraphics® produces a tablet that allows tactile graphic overlays to be placed on top of
the screen. The tablet recognises the overlay by using QR codes. The user can explore the

graphic content by pressing down to hear a spoken description.

Although this has much promise, it is currently limited to a small range of in-house produced
materials. Price is another factor, with the initial costs around $750 for the tablet and

resources at $250 per pack.
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4.3 Conclusions

Current research highlights some of the limitations of technology-driven solutions. Haptic
graphics can be produced using a range of methods; however, on their own, they are less
effective than using multimodal methods. Force feedback is a complex and expensive
solution that has not yet been shown to be effective. Most methods require material and
graphics to be prepared in advance. With some exceptions, screen readers are unable to
interpret graphic content. The most promising multimodal technology appears to be touch
screens and graphical overlays. The Touchgraphic system is the most developed but has
limited material and no provision for user-generated content. It is also relatively expensive.
Tangible circuits®® has a similar and inexpensive solution but only works with data parsed

from a single application.
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5. Aims and objectives

A key area of science teaching considered essential is the visual presentation of data>.
Graphs are abstract spatial representations that illustrate the relationship between
variables. Predominantly this is presented in cartesian graphs, where the variables are
plotted against orthogonal axes®®>’. These graphical resources can be inaccessible to blind
and visually impaired (BVI) students unless presented in an alternative format. Cahill et al.
found that blind students particularly found graphical spatial elements such as graphs to be

the most challenging®®.

In line with key issues identified in the RNIB Teaching STEM subjects report>, this research
project aims to evaluate the efficacy of a technology-driven intervention to represent
graphical data in a non-visual form and allow the BVI user to gain qualitative and

guantitative data to draw conclusions.

The objective was to design, develop and construct a working prototype and evaluate
effectiveness. A secondary consideration was to do this cost-effectively and explore the
feasibility of developing an enterprise project providing affordable devices to other

education providers.

As previously stated, graphical data is ubiquitous in science teaching, communicating
information visually and highlighting patterns and correlations. The project's focus was to
consider a specific task/problem requiring graphical interpretation that an undergraduate
BVI student may typically face while studying chemistry. In this case, chromatography. The
objectives were to design, build and evaluate a multimodal assistive device enabling a BVI
student to interpret chromatogram outputs. Drawing on the literature review findings that
many interventions were expensive and required significant preparation; the secondary
considerations were to keep the cost of the apparatus low and to produce a workflow that

requires limited instructor/teacher preparation.
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HPLC and GC overview

Chromatography is an essential part of chemistry teaching. It is the technique used for
separating and analysing chemical mixtures. There are two main types, liquid

chromatography and gas chromatography.

In liquid chromatography, the analyte, the mixture under analysis, is introduced to a
column. The column contains the stationary phase, typically bonded silica. The mobile
phase, the solvent, flows through the column. The various components of the analyte have
varying degrees of interaction with the stationary phase. This interaction results in different

times for the components to pass through the column, also known as retention times.

High-performance liquid chromatography (HPLC) is a common analytical technique. A pump

pushes solvent through a column at a high pressure into which a sample is injected. (fig 2)

sa"np @ ‘
| “h'l
HPLC
Injector Detector
pump : =
HPLC column

HFLC Data aquisition
solvent ¥

waste

Figure 2 High-performance liquid chromatography (HPLC) description

In gas chromatography (GC), the mobile phase is usually an inert carrier gas such as helium.
The stationary phase can be a solid or liquid contained within a separation column. Samples
are injected using a syringe. The injector is contained within a heater block. The sample, if
not already in the gas phase, vaporises and is passed along with the mobile phase through
the stationary phase. (fig 3) As with HPLC, retention times for the different components are
measured. In addition, both GC and HPLC are frequently connected in tandem to a mass-

spectrometer, a technique which gives information on the molecular mass of components.
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Figure 3 69 Gas Chromatography description
A chemistry undergraduate would typically study both techniques.

The visual output from the GC and the HPLC instruments is in the form of a chromatogram.
The chromatogram is plotted as an x/y graph. Retention time is plotted on the x-axis and

intensities or peaks of analytes are on the y — axis. (fig 4 & 5)
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Figure 5 Mass-spectrum from a GC-MS chromatogram of a variety of analytes
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Graphical information presented this way is not easily accessible to a BVI student. As noted
in the literature review, numerical data presented in this graphical form makes it easy to
identify trends, spot maxima and minima and highlight discrete values. The intention was to

maintain the efficacy of the graphical information.

As explored in the literature review, there are various ways in which this data could be
presented to BVI students. The main finding from the literature is that there are indications
that multimodal interfaces are preferred. The interface should combine voice, haptic/tactile
and graphics since the participants wanted to interact differently depending on functionality

and context.

Ideally, the data needs to be presented holistically, whereby the BVI student can get a sense

of the overall detail of the chromatogram and drill down into discrete values.

Different methods to produce comprehensive data in an accessible format, introduced in

the literature review, were considered.
6. Design and Development

6.1 Producing the 3D print model

To provide the tactile feedback 3D printing was used to produce chromatograms.

Initially, 3D-printed models were produced by tracing the chromatograms using Rhinoceros
Computer-Aided Design (CAD) software. GC and HPLC chromatograms were digitally
scanned and imported into Rhino as a background image. The chromatograms were
manually traced using the spline and line tools. 3D models were created by extruding the
lines. The models were then scaled to a suitable size and exported as a .3mf file for printing.
Using Cura 3d print slicer software, 3D print files were prepared and printed in polylactic

acid (PLA) using an Ultimaker 2+ 3D printer

Other types of models were investigated. 3D prints were produced using the following

methods.

e Solid background with the chromatogram in relief
e Solid background with the chromatogram sunken
e |[solated chromatogram
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These are shown in the figures below. Figure 6 illustrates the chromatogram raised above
the solid base. Figure 7 shows the chromatogram subtracted from the background material.

Figure 8 shows the chromatogram without any base.

Figure 6 3D print solid background with chromatogram in relief

Figure 7 3D print solid background with sunken chromatogram

Figure 8 3D print isolated chromatogram
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Although all three models had potential, the isolated chromatogram was eventually
developed further following the design and testing of the reader. The graph reader required
space around the 3D print to trace with a stylus. The chromatograms with solid bases

blocked the stylus.

6.2 Design of the chromatogram reader

Having produced a range of 3D prints, attention was turned to designing a device capable of

reading the data captured in the 3D print.

Audio output (Labtalk unit)

Audio output was required to read out values from the chromatogram reader. The
ubiquitous Arduino open-source electronics platform was used as the basis for the speech

synthesis.

The Arduino platform®? consists of easy-to-use hardware and software. The Arduino
hardware is a range of programmable circuit boards (microcontrollers) that breaks down the
functions of a microcontroller into an accessible package. The Arduino software (Integrated
Development Environment IDE) uses a simplified version of the C++ program language.
Using Arduino in a project like this has some significant advantages; it is inexpensive and

straightforward to program.

Figure 9 Arduino Uno microcontroller

The “Talkie” speech library for Arduino ¢ was used to generate speech. Talkie traces its roots

back to the Texas Instruments speech synthesis architecture. Its 100 words of data were
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adequate for reading out graph data values. Anybody familiar with the “speak and spell” (fig
10) range of educational products would recognise the artificial voice. It was also used in

other products, such as Atari arcade games.

Figure 10 Speak and spell 63 educational game

The audio output circuit

A simple circuit was designed around the Arduino Uno. Initially, a prototype was
constructed on a breadboard to test for correct operation. Once the circuit was finalised, a
PCB design was created using the online Easy EDA PCB design tool. The Arduino Uno was

changed to an Arduino Nano to make the design smaller.

The circuit consists of an Arduino Nano and an LM386 low-voltage power amplifier (see
schematic 1). The Texas Instrument LM386 data sheet and web-based resources®49>
provided a reference audio amplification circuit. This data sheet was used as the basis for
the circuit design. The LM386 amplifier is designed for use in low-voltage consumer devices.

It’s ideal for devices that require battery operation due to its low power drain.

The audio signal from the Arduino pin D3 is connected to pin3 of the amplifier via a 10kQ
potentiometer to control audio volume. The gain of the amplifier is set at 20 within the
device; however, with the addition of a 10uF capacitor across pins 1 and 8, this is increased
to 200. Capacitor C5 filters out radio interference affecting the input wires. Capacitors C1,
C2 and C3 decouple the power supply from the LM386, filtering high and low-frequency

noise. Resistor R2 and Capacitor C6 decouple the audio input signal.
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The output pin 5 is passed through a “Zobel Network”, essentially a capacitor C8 and
resistor R1 creating a filter circuit to adjust the impedance to match an 8Q speaker.

Capacitor C7 is used to remove any DC component from the signal.

A low pass filter consisting of a capacitor and resistor across pins 1 and 5 removes higher

frequency noise providing a “bass boost” at the output.
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Schematic 1 Arduino Nano circuit schematic.

Arduino sketch

To test the Labtalk device: the Arduino sketch provided with the talkie library®? was used
and adapted. The Arduino measures the floating voltage levels on pin (5) and outputs as

speech.

The test sketch calls the Talkie library and initially sets up the output pin (3), which routes to
the amplifier circuit. Pin (3) is used as it allows Pulse Width Modulation (PWM). Because the
Arduino does not have a digital-to-analogue converter, PWM is required to convert the

digital signal to a pseudo-analogue output.

Varying the duty cycle can provide analogue-like voltages. The voltage is determined by:
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PWM voltage = (Duty cycle/256) x 5V

256 is the number of digital 0 and 1 levels available, and 5V is the max available voltage

supplied by the Arduino.

#include <Arduino.h>
#include "Talkie.h"

int SPEpin = 3; //PWM pin for spk/radic cutput
conat int pinVolt = AS;
int wvoltageRnalogue = 0;

Code snippet 1

When running, the floating voltage is measured on pinA5 and converted to speech through

the Talkie sayNumber function.

vold setup()

Serial.begin(9600);

vold loop(){

wvoltagehnalogue = analogRead{pinVolt);
Serial.printc("Voltage = "); /J/Print voltage
Serial.println{voltagelnalogue); // Print walue
delay (1000} ;

saylumber (veltageRnalogue) ;

Code snippet 2

The prototype Labtalk unit

The prototype Labtalk was housed in a 3D-printed enclosure. Adding a 7-Pin DIN socket and
a momentary switch allowed the future provision of connections to various devices with a
simple change to the circuit. For instance, a pH meter was “hacked” by locating the voltage
output proportional to pH. This voltage was then measured and mapped to pH within the

code. Labtalk was then able to provide spoken pH readings. (fig11)
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Figure 11 PH Meter with LabTalk unit.

Resistive paper experimentation

The initial ideas for being able to “read” the 3D printed chromatogram were around the use
of Teledeltos paper. Teledeltos (Western Union Telegraph Company registered tradename)
is an electrically conductive but somewhat resistive, coated paper initially produced for use

on chart recorders and fax machines. ¢¢

It is often used in physics education to plot electrical fields, typically using probes to plot
equipotential lines. The paper has isotropic resistivity in all directions. The idea was to
measure the electrical potential difference across the x and y directions to plot x and y
coordinates. By placing the 3D-printed chromatograph on the paper, points could be plotted

anywhere around the object.

Testing

The Teledeltos conductive paper was cut into a square. Metal rules were placed on the left
and right edges, leaving 10 cm of paper between them. A 5V supply was connected to the
metal rules using croc clips. The voltmeter was connected to the supply ground, and a probe

was used to make the connections on the paper. (fig 12)

Initial measurements showed the voltage to be roughly linear 0-5V across the paper.
Marking in equipotential lines showed deviations in the Y direction rather than the parallel

lines expected. Further measurements showed a deviation from a linear voltage across the
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paper in differing Y positions; it was noted that pressing down on the metal rules so that
they pressed firm on the paper changed the readings. Looking closely at the paper, it was
obvious that the coating was not homogenous. This was further investigated by taping
multimeter probes together to create a fixed distance between the probe tips. This was

applied to the paper at various points, showing changes in the resistance of +/- 20KQ.

Figure 12 Testing Teledetros paper with voltmeter

Given that Teledetros resistive paper* should exhibit isotropic resistivity in all directions. It

can be assumed that the sample was defective.

* Teledetros paper has a resistance of 6 K£)/square The reason for "ohms per square" is that
a square sheet with a sheet resistance of 6 K£J/sq has an actual resistance of 6 k€2 regardless

of the size of the square.

Sorting through the Teledeltos paper, a more evenly coated example was chosen. Silver
conductive “glue” was applied in vertical strips to the paper on both the x and y axis to
improve the connections. The rules were then placed over the silver glue and the circuit
connected across the x-axis. Equipotentials were then plotted across the x-axis. This time
the lines were parallel and there was no change in voltage when pressure was applied to the

metal rules.
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The paper was then prepared by painting on the Y axis and square cut-outs on each corner.
On testing voltage across the x-axis, it was immediately apparent that the equipotentials

were not going to be parallel to the x-axis. (fig 13)

Figure 13 Plotted Equipotential on Teledeltos paper

Resistive paper experimentation part 2

Given that the field lines across the x and y directions were not going to be linear because of
the presence of the conductors, a second design was investigated. By cutting the Teledeltos
paper into two strips, the x and y potential differences could be examined separately. A
simple mechanical system was devised and built to allow a stylus to draw around the 3D

print.

5V was initially supplied by a power supply unit (PSU). The voltage was applied vertically
across the y-axis strip and horizontally across the x-axis strip. Silver conductive glue was
used to coat the paper at the edges. Copper strips were used to connect the conductive glue

to the electrical connections.

Using a multimeter probe that could slide vertically up and down within a sliding plastic
guide, the voltage in the y direction was read. The probe could also move in the x direction.
Using a fixed probe that travelled along the separated Teledeltos paper in parallel with the y

probe voltage in the x direction was read. (fig 14)
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Figure 4 Prototype graph reader connected to power supply and LabTalk unit

Updated Arduino code

The code was adapted so that x and y voltages were read from the A5 and A7 inputs
respectively (snippet 3). The momentary pushbuttons were connected to the D9 and D10
inputs. Because the Arduino has a ten-bit analogue to digital converter, it reads the voltage
0-5 into discrete 219(1024) digital values. The voltage on pins 9 and 10 was measured at

5.015V. Dividing this by 10.24 gives readings in millivolts.

int woltageY = analogResad{A5) * 5.015 /7 10.24;
int woltageX = analogRead(AT)* 5.015 /7 10.24;

Code snippet 3- reads x and y voltages.

const int buttonPinX
const int buttonPin¥

9; f/3ets digital pin number
1a; f///sets digital pin number

Code snippet 4 — sets up pushbuttons.

Initially, power was supplied by PSU; however, in subsequent tests, the voltage was

provided by the Arduino. This was achieved by setting digital pins 2 and 5 to HIGH when the
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x or y button was pressed (snippet 5). These pins were connected via the DIN lead to the

copper strips on the device.

The device was connected to the LabTalk unit via the DIN lead. When the x button was
pressed, the voltage was set to HIGH on pin 2 and the voice.say command was used to say

“x”. After a 250ms delay, it then says the x voltage read through the A7 input. Output 2 is
then set to LOW again.

buttonStateX
buttonStateY
f/5erial.println{buttonStateX) ;
S/Serial.println{buttonStateY) ;

digitalBead (buttonPinX):
digitalBead (buttonPin¥);

if (buttondtate¥ == 1)
{digitalWrite {2, HIGH); // 3ets the digital pin 2 high
volce.say (sp2_X);
delay (250);
sayNumber (voltageX) ;
ffwolce.say(sp2 MILLI);
VOLIS) ;

fivolce.say (sp2_

digitalWrite(2, LOW):; // sets the digital pin 2 low

if {buttonStateY == 1)

{digitalWrit= ({5, HIGH); // sets the digital pin 3 high
voice.say(sp2_¥);
delay (250) ;7

sayNumber (voltageY) ;

ffvolce.say(spd MILLI);

/fwoice.say (spd_WOLIS) ;

digitalWrite (5, LOW): // sets the digital pin 3 low

Code snippet 5 — reading x and y voltages

Although this concept worked, it could have been more robust. It was challenging to move
the slider whilst maintaining parallel movement. The multimeter probe gave reliable and
consistent readings; however, the sliding x-axis probe did not. The pressure required on the

x probe for a reliable connection resulted in marks on the paper that affected subsequent

readings.
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Because of the problems encountered with the prototype, a more refined and advanced
reader was envisaged. CAD software was used to draw the design. The design uses polished

steel rods and linear rail slide bearings to provide improved, accurate movement. (fig 15)

DIN socket to connect to
“LabTalk” base unit

Conductive paper

.
Y axis probe

\ X axis probe

3D printed spectra/graph

Figure 5 Improved graph reader concept.

The improved design promised better results; however, it was challenging to source
Teledetros paper and given the initial problems encountered with the paper's inconsistency
and mechanical design's complexity, a more straightforward, less mechanically complex
solution was sought. The use of touchscreens to replace the paper was therefore

investigated.

6.3 Touchscreen technology

There are four main types of touchscreen technology available, resistive, capacitive, SAW
(Surface Acoustic Wave) and IR (Infrared). These are described below with their advantages

and disadvantages.
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Resistive touchscreen

The resistive touchscreen (see figl6) typically uses a glass panel (5) overlaid with a film
screen (1). Both are coated with a thin metallic layer (2). These layers are separated by
spacers (3). When the screen is touched, the metallic layers make contact. This change in

voltage then detects the touch.

Figure 6°7 resistive touchscreen diagram

Surface capacitive touchscreen

The surface capacitive touchscreen typically consists of a glass panel overlaid with a
transparent electrode layer. This layer is covered with a protective cover. When a bare
human finger touches the screen, it completes a circuit as some of the electrical charge on
the electrode transfer to the finger. Sensors in the corners of the screen detect touch. (fig
17) The ratio of the current is measured to determine location. A variation on this is the
projected capacitive touchscreen (PCT or PCAP). This allows the user to wear thin gloves in

addition to allowing multitouch activation.
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Figure 17 %8 Capacitive touchscreen diagram
Surface acoustic waves (SAW) touchscreen
The SAW touchscreen uses piezoelectric transducers and receivers. It consists of a glass

plate with transducers and receivers along the edges. The position of the user's finger is

located using a grid of ultrasonic waves as it absorbs the sound wave. (fig 18)

@//// T e Q ¥
o > " Piezoelectric Emitters
\
O K ~— Edge Reflector Pattern
\
\\‘ _—  Microphone Array
L!J ////////////////AqJ / _— Glass Substrate

Figure 7 SAW touchscreen diagram

Infrared Touchscreen

The infrared touchscreen makes use of an IR emitter and receiver. The sensors can locate

the point through triangulation when a user's finger interrupts the beams. (fig 19)
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Figure 8 Infrared touchscreen diagram

The advantages and disadvantages were listed in the following table to decide on the

touchscreen choice. % 7

Table 1
Type of touch Resistive Surface Projected SAW Infrared
screen Capacitive Capacitive
- Activated by - Good image - Excellent image - Excellent image - Highest image
stylus, finger, clarity clarity clarity (better quality
or gloved hand. | - Durable - Scratch resistant | than capacitive) - Scratch resistant
-Tactile - Resistant to - Multi-touch - Scratch resistant | - Multi touch
Advantages -Low cost contaminants - Resistant to

-Low power - scratch resistant | contaminants
consumption
-Resistant to
contaminants
-Lower image -Requires bare -Requires bare - Sensitive to - Sensitive to
quality finger or finger or contaminants and | contaminants and
compared to capacitive stylus capacitive stylus water droplets water
other types - Sensitive to EM - Sensitive to EM - Will not operate | - Proneto

Disadvantages | -Can be and RF and RF with stylus or accidental
vulnerable to interference interference hard objects activation
damage - Sensitive to high

ambient light
- Higher cost
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Touchscreen requirements

Requirements for the touchscreen were defined as follows.

1. It needed to be used with a stylus so that coordinates on the screen could be
accurately located.
2. Resistant to contaminants and water because of the lab-based environment.

3. Low cost.

Capacitive screens were rejected because of the need for a capacitive stylus which tend to
have a large diameter. The way the SAW and IR screens operate would make them
susceptible to interference when the 3D print is placed on the screen and therefore was

considered unsuitable.

Because image clarity was not an issue, the chromatogram was going to be placed on top of
the screen, and the cost factor and the lab environment it would be operating in, the

resistive touchscreen was identified as most suitable.

The resistive touchscreen
A four-wire analogue resistive touch screen was used for testing. (fig 20) Two wires are
connected to buss bars on the top resistive coating and the other two on the bottom. Pin 4

is set to +5V and Pin 2 to GND to capture the x position. Pin 3 reads the voltage. Pin 1 is set

to +5V and Pin 3 to GND to capture the y position. Pin 2 reads the voltage.
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Figure 20 Resistive touchscreen layout and connections

The updated circuit diagram (Schematic 2) shows the connections to resistive touchscreen

from an Arduino Nano.

: ''''' L '—HH EEEEEEE: GND =
I] [ ]
: . +—
' I
' I H4 aine
! HDR-F-2154_1x15 Arduino_Nano_|3 H3
. LT, HDR-F
I ] =11
, Filter TonF : 2 1
I d GHD 2
________ HEH 4 3
5 4
6 5
7 6
8
TOUCHSCREEN == g
Socket GND 10
K- 1 11
12
Y+ | 2
X+ | 2 ﬁ
4
Y- 15
It
AUDIO_IN
Audio only oplion
1
2

Schematic 2 — touchscreen connection schematic
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Arduino sketch

A simple sketch was used to test the touchscreen.

1 #define Xin A8

2 #d Yin Al

3 #d ne Xout A2

4 #define Yout A3

5

6 void setup()

7

8 pinMode(Xin, INPUT);
g pinMode(¥in, INPUT);
a pinMode(Xout, INPUT);
11 pinMode(Yout, INPUT);
12

13

14 Serial.begin(o6e8);
15 ¥

Code snippet 6 — defines touchscreen connections.

First the analogue input/outputs are defined, and all initially set as inputs. The code then
reads x values by setting the Y in/out to outputs and Yin(A1) to low and Yout(A3) to high.
This makes pin 2 low and pin 4 high. The value is then read from Xin(AO) which is connected
to pin 3. To read y values, Xin/out are set to outputs, then Xin(AO) is set to low and Xout(A2)
to high. This makes pin 3 low and pin 1 high. The Y value is read from Yin (A1) which is

connected to pin 2. The values are then output using the print function.
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pinMode(¥in, OUTPUT);
pinMode(Yout, OUTPUT);
digitalWrite(Yin, LOW);
digitalWrite(Yout, HIGH);
delay(1ea);

readX = analogRead(Xin);
digitalWrite(Yout, LOW);
delay(1ee);

pinMode(Yin, INPUT);
pinMode(Yout, INPUT);

pinMode(Xin, OUTPUT);
pinMode(Xout, OUTPUT);
digitalWrite(Xin, LOW);
digitalWrite(Xout, HIGH);
delay(1ee);

readY = analogRead(Yin);
digitalWrite(Xout, LOW);
delay(1e@);

pinMode(¥in, INPUT);
pinMode(Xout, INPUT);

Serial.print(ReadX);
Serial.print("\t");
Serial.println(ReadY);

Code snippet 7 —reads x, y coordinates.

Calibration of touchscreen

Due to manufacturing imperfections a touchscreen requires calibrating before use. The

guadrilateral method of correction was used?.

The sketch above was used to read the voltages. Several readings were taken for
coordinates at each corner of the screen and the averages were plotted in an excel

spreadsheet. (fig 21)
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Figure 21 screen corner coordinates

The coordinates when plotted are not square. To calibrate, linear (y =mx +C) functions for

the x and y line graphs were calculated.
For the Y axis;
The gradient of AB is calculated.
AB = (80-61)/(578-38) =-0.036
The intercept (offset) is calculated
SoC=y-mx
Offset AB=80—(38x—0.036) =81.22
The slope of CD is calculated.
CD = (343-485)/(515-38) = -0.299
Offset CD = 485 — (38 x —0.299) = 496.35
A third function is calculated to find the vertical distance between the AB and CD.
Slope CD — Slope AB =-0.036 - 0.299 = - 0.263
The offset is calculated.
Offset CD — Offset AB =415.12
This gives two functions:

fl(x) = -0.036 x + 81.22
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f2(x) =-0.2631 x 415.12
These are then used to correct the Y axis
Y corrected = Y measurement — f1(x) / f2(x)
The same method is then applied to find the X correction
X corrected = X measurement — f1(y) / f2(y)
Arduino sketch
The values required for the correction were calculated in an excel spreadsheet. Within the

code they are labelled slopeA — D and offsetA —D. The actual touchscreen measurements

were included as scrX and scrY.

37

38

39

48 const float slopel = -8.835586804;
41 const float offsetA = 81.22159134;
42 const float slopeB = -8.263@55857;
43 const float offsetB = 415.1237324;
44 const float slopeC = -8.881857828;
45 const float offsetC = 38.51384654;
46 const float slopeD = -8.222346427;
47 const float offsetD = 552.6222118;
48

49

58

51

52

53 const int scrX = 158;

t4 const int scr¥ = 85;

LY

CE

Code snippet 8 - calibration corrections

The method described above formed the basis of the calibration function within the code.
At this point the screen size is also factored in. This generates the correction factors,

correctX and correcty.
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146

147

148

149

158 float correctX(int measuredX, int measuredY)
151

152 float correctedX;

153 float temp;

154

155 temp = (slopeC * measuredY) + offset(;
156 correctedX = measuredX - temp;

157 temp = (slopeD * measuredY) + offsetD;
158 correctedX = correctedX / temp;

159 correctedX = correctedX * scrX;

168

161 return correctedX;

182 1}

163 float correctY(int measuredX, int measuredY)
164 |

165 float correctedY;

166 float temp;

167

168 temp = (slopeA * measuredX) + offseth;
169 correctedY = measuredY - temp;

178 temp = (slopeB * measuredX) + offsetB;
171 correctedY = correctedY / temp;

172 correctedY = correctedY * scry;

173

174 return correctedy;

175
Code snippet 9

Touchscreen testing

The touchscreen was initially connected to the (Lab Talk) unit using the DIN connector with

an Arduino UNO used to control the touchscreen.

To check the accuracy of the screen, a calibration print (fig 23) was used. The print
measurements were checked using a vernier calliper and written on the model for
convenience. A stylus was placed on the screen against the edge of each step corner. The x

and y-axis readings were taken. The readings were repeated 10 times. (fig 24)
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Figure 23 touchscreen calibration
The average error in the touchscreen readings was —2.00mm +/-0.5mm
The error was more significant in the x direction (-4.00mm) than in the y (1.0mm)

The size of the stylus point contributed to the position error. The point measured 0.5mm, so
every time a measurement was made, it was displaced by +0.5mm in each axis. More

accurate results were obtained by subtracting this value.

In addition, there was a taper on the point that made it challenging to locate the stylus close

to the edge of the calibration print.

Figure 9 Screen used in initial testing
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The code was adapted by including the earlier sketch for synthesised voice output. Various

3D graphical prints were used for testing and a stylus was used to trace around the graphs.

The initial code outputted a continuous stream of data which made the spoken values hard
to follow, so code was developed that took a reading on the detection of any pressure on
the screen. However, in practice, this gave erroneous readings whilst positioning the stylus,

for instance, on peaks of the graphs.

X and Y momentary switches were installed and the code was adapted so that it only gave a

reading on pressing either of these axis button.

Audio performance was poor, with audible clicks and pops. Literature®? suggested that a low

pass filter could be incorporated to remove these.

A low pass filter was added to the audio circuit to clean up the audio output. With talkie
imitating a male voice, the fundamental vocal frequency range is between 80-180 Hz.
However, harmonics are audible above this. Using a 10k resistor and a 10nF capacitor gave
approximately a 1.6kHz cut-off. (Fc = 1/2PIRc ) On testing, this removed most of the clicks

and pops whilst not affecting the voice.

6.4 Graph reader design

Following testing, an improved prototype graph reader was designed. The circuit schematic
contains everything needed to control the touchscreen, provide the audio output and
include the filter circuit. The schematic was then used to produce a PCB using EasyEDA, an

online PCB design tool.
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Figure 10 prototype circuit schematic

Figure 26 PCB layout
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Figure 11 Circuit board layout

A casing was designed, and 3D printed. It houses the screen in a recess and incorporates the

X,y buttons, volume control and USB connection.

Figure 12 Prototype graph reader
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6.5 Improved method for rapidly producing an accurate 3D print model

Although the tracing method described earlier produced a perfectly usable 3D print, tracing

around the chromatogram to match the curves accurately was time-consuming.

The Rhinoceros CAD software package contains the “Grasshopper” plugin. Grasshopper is a
visual programming language primarily used for creating generative algorithms. Definition
files, a set of automation instructions and rules for Rhino, were created to investigate
different methods of creating a 3D print from a scanned chromatogram. Different methods

were trialled.

A Grasshopper definition file was created that imported an image file and then used the
image sample component to create 3-dimensional geometry. (fig 29) This created a “bas
relief” model. Although usable as a tactile representation of the chromatogram, it was not
possible to use this method to create an isolated chromatogram suitable for use with the

graph reader. (fig 30)

Figure 13 Rhino definition for image sampling
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Figure 30 3D geometry for image sampling

Another method used live webcam capture. This gave similar results to the image import,
with added immediacy benefit. Although there may be some applications that would benefit

from this approach, the 3D print could not be read with the graph reader. (fig 31 & 32)

| Pl Resluton n -t
totvsonss @ tnin Vs

Figure 31 Definition for web cam capture
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Figure 32 3D geometry for web cam capture

Importing data to Grasshopper

One of the available options is the ability to import excel spreadsheets. Both the HPLC
instruments and the GC instrument could export the chromatogram data as a raw text file
which could then be imported into excel to create the correct file type for Grasshopper to

use.

A grasshopper definition was developed that took in the excel spreadsheet and created a 3D
model ready to export for printing. This workflow was found to be the most efficient

method of producing a 3D model of HPLC/GC data

Explanation of Grasshopper model

Spreadsheet setup

To create a model, the excel spreadsheet required some adjustments.

1. Two additional worksheets were created for the file. The sheets are labelled 1,2 and

3 accordingly.

2. In worksheet 2, the max and min excel functions were used to extract the extent of

the x data. These were placed in the Al and B1 cells.
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3. Inworksheet 1, the first and the last y data points were overwritten with a 4-5%
lower value than the max value. This increased value created a thickened baseline so
that the chromatogram prints correctly.

4. In worksheet 3, the min values were extracted from the previously entered data and
placed in the B1 cell.

5. In worksheet 3, instead of the max value, a value was calculated that was 10% higher
than the y max and placed in the Al cell. The reason for this will be explained and

become apparent later.

The grasshopper definition

Figure 33 below shows the complete grasshopper definition.

Converts excel data into extruded object

oooooo

Calculates scale factor

o data wes
ted. P

S ) | (SRE— E— | S— SR— S _— (N _—— ,»_

Extacts extents of data from index (option)

Figure 33 complete Grasshopper definition
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Explanation of definition

Link to excel spreadsheet

Read Excel Data
{  Workbook Path
Waorkshoet Name Excol Data Do)

Fxceptions D

Sheet1

Figure 144 Grasshopper excel reader component

1. The excel reader component links to the spreadsheet file. Given the workbook path

and the worksheet name, it extracts the data. (fig 34)

Creates points in Rhino

X coordinate

xv2
¥ coordinate ' Point Da

qz

Figure 15 Grasshopper explode tree

2. The explode tree component splits the data into two branches (x and y coordinates).
This data is then sent to the construct point component creating discrete points for

every pair of x and y coordinates. (fig 35)

Base
. m E Geometry
Direction ¢ Mok Geometry )

Extrudes surface Scale X g

Scale Y Transtorm D
¢ Scale 7

Scales object

Figure 16 Grasshopper polyline and scaling

3. The polyline component constructs a line through the points. These lines are then

used to construct a surface which is then extruded. The Z component input of the
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vector component sets the thickness of this extrusion. In this case, set to 7 (7mm),

which is fed to the geometry component. (fig 36)

At this point, a 3D object is created. However, this still requires scaling to a “real-world” size.

Figure 17 x and y max and min values

4. The x and y max and min data set up earlier is read from the relevant worksheet and
extracted into data trees. The max and min values are then subtracted from each

other. (fig 37)

Calculates scale factor

Figure 18 Scale factor calculation
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Finally, a division component divides the screen size by the result of the subtraction
component providing a scaling value. This value is fed to the geometry component, which

scales the chromatogram. (fig 38)

Figure 39 below shows the Rhino preview of the completed chromatogram.
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Figure 39 Rhino screenshot showing geometry ready for printing

Updated Arduino code

The Arduino code was adapted to set Graph reader to read the Grasshopper-produced

models. Maximum and minimum values for x and y were set up.

N
58 // Set this to graph/spectra x,y ranges (data from Grasshopper max/min)
59 Jf somnsnenimsnnsnnsns s s s SRR PR P s

60 const float maxScaleX = 12.08; // max X value

61 const float minScaleX 6.88; // min X wvalue

62 const float maxScaleY 3888; //max Y value

63 const float minScaleY = -188; // min Y value

64

Pl L

Code snippet 10

These were applied when the correct x and y values were mapped to the screen size. The
final piece of code then extracts the integer and fractional part of the result. These are

required so that spoken output is (integer) “point” (fractional part) (units).
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/{ Apply calibration to X

[ rerumarssnaransnnenenns e e s S—
X = cor‘r‘ect)((r‘ead)(, r‘eadY),

f f roarsrsmsearsrae, e ot o ot o S
// maps readings to graph scale

J f reramsmsmsmamarae, P e S AP e AT

mapX = mapf(X, @, scrX, minScaleX, maxScaleX}; //maps X corrected screen reading to graph scale

int mapXi = mapX; //extracts integer
int point)( = abs((mapX - map)(l) * 199), ffextracts fractional part

sayr\lumber'(map)(l)
delay(25@);
voice.say(sp2_POINT);
delay(25@);
sayNumber{pointX);
delay(25@);

voice. say(spz I'~‘IINUTES)

Code snippet 11
6.6 Workflow overview
Figure 40 & 41 show the workflow from CSV file to completed print. At this point, the time

to complete the process is dominated by the time to 3D print the chromatogram. In testing,

this was generally found to take between 1- 1:30 hours.

Workflow

Y%
Gas Chromatography - Rhmoswds

- Rhino

High-Performance Liquid
Chromatography V _ _ G
3D print LN
o= . ’ Cura

3D print

SpectraTalk

Figure 40 Workflow
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Figure 41 Flowchart showing operations
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7. Evaluation

Evaluation method

Evaluation is a type of applied research where the approach is concerned with real-world
problems and their possible solutions. Robson” states that an evaluation has a specific

purpose. Typically, this is to evaluate the effectiveness of some innovation or intervention.

Evaluation research is often broken down into two types: formative and summative.
Formative is intended to facilitate the development of an innovation or service, whereas
summative is focused on assessing the effectiveness. However, the distinction between the
two is not always clear-cut. In this project, the summative evaluation will have a formative
effect on future developments. Robson?® points out that evaluation can also be described in
terms of outcome and process. Traditionally, evaluation measured how far an innovation or
service met its objectives. Although this is still a central tenet of evaluation, it is now
considered important to measure “how?” and “why?”. Without studying the process,
outcome evaluation can be considered a “black box” approach that only studies what goes
in and what comes out. Robson” provides valuable checklists for carrying out evaluations.
He lists four criteria, utility, feasibility, propriety and technical adequacy, that should be
satisfied before embarking on an evaluation. Utility is at the heart of an evaluation; its
raison d'étre is not to prove but improve. It should be feasible both in practical and cost-
effective terms. It should be able to be conducted fairly and ethically and finally carried out

with technical skills.

There are threats to the validity of the research. Maxwell”® presents a typology of three
types of understanding in qualitative research, description, interpretation and theory.
Robson’ suggests that each of these types has associated threats to validity. The threat to
valid descriptions can lie with incomplete or inaccurate data. The imposition of frameworks
or meanings on what is happening rather than looking at what is actually occurring can
threaten a valid interpretation. Not considering alternatives can affect the validity of the

theory.
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With these points in mind, a methodical triangulation strategy identified by Denzin™ was
used. This followed Creswells”™ guidelines by employing a mixed method using quantitative
and qualitative approaches to improve the rigour of the research. This method further
enhanced the interpretation of the quantitative data by providing a qualitative narrative

account.

In this project, the quantitative data was collected via questionnaires and qualitative data

was acquired using structured observation of participants.

Observation

Observation is a basic method of data collection. By being present in the situation, a record
of what takes place is recorded for later analysis. The advantage of observation is its
directness, watching what participants do and listening to what they say. Observation
eliminates the common discrepancy in surveys where people report what they do compared

to what they “actually” do.

There are several different observation methods. Jones and Somek’ suggest that the
methodological framework for the research will be determined by what is “seen”. This is
ontologically determined and depends on the observer’s conceptualisation of the world. In
this case, a positivistic approach is taken that holds that the world is external to the
observer and facts about people and events can be recorded in a straightforward manner.
With this approach, the methodological issues involve performing accurate observations

and reducing observer bias.

Because the researcher is present during observation, threats to validity involving people
must be considered. Lincoln and Guba? list reactivity, respondent biases and researcher
biases as possible threats. Reactivity refers to the impact the researcher’s presence has on a
participant’s behaviour. Respondent bias can arise if the researcher is seen as a threat and
can materialise in obtrusiveness. Alternatively, participants give answers they perceive the
researcher wants. Researcher bias refers to assumptions and preconceptions affecting the

guestions, interviewee selection and data selection.
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Structured observation and coding scheme

A structured observation approach was used to evaluate how users interacted with the
device. With this method, the observation is structured around pre-determined categories

recording what is observed systematically and within a controlled environment.

The code development started with a system derived from Weick that is widely used and
adaptable to various research questions. Two bases were used in the development of the
code: non-verbal behaviours and linguistic behaviours. The non-verbal behaviours were how

the participant interacted with the device and the linguistic content of talking.

The areas of interest for the observation categories were what the users were doing, as
opposed to what was expected they might do, and to identify any problems that they
encountered. The classification of observed behaviours was kept to a minimum to avoid

overwhelming the observer.

Videoing the interaction between the users and the device would have been valuable.
However, unless used minimally, the data protection issues this brings about would have
required participants to waive all moral rights to the recording’®. Therefore, video filming

was not used.

According to Jakob Nielsen , up to 85% of usability problems can be identified by
observation of just five users. This figure was based on earlier research by Nielson and
Lindauer®! that looked at eleven empirical user testing case studies. They found that testing
with one user finds almost a third of the issues. A second user will overlap the findings of
the first but add a little more insight. As you add more users, you see the same problems

occurring multiple times and learn little new.

As this project aimed to produce a working prototype, the initial number of participants in
the usability study was seven. This gave rapid feedback on issues with the design. Problems

were then fixed in a redesign and tested again.
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Simulating blindness

There were difficulties in finding enough BVI participants to evaluate the device. Therefore,
sighted participants wearing blindfolds to simulate blindness were recruited in addition to a

single BVI participant.

However, Silverman?® suggests caution is required as simulations can cause
misunderstandings about the realities of blindness. Although it can create empathy, this can
come at the price of reinforcing stereotypes. Silverman, Gwinn, and Van Boven® found that
an unintended consequence of performing a task whilst simulating a disability lead to

underestimating the abilities of a disabled person.

In the evaluations, participants operated under simulated blindness. This experience is
short-term and only used for the duration of the evaluation. In effect, what the participants
are experiencing is the feeling of initially becoming blind rather than having lived with the

disability for a length of time.

Silverman® suggests that an instructor should guide the participants and give them time for

practice and repetition during a simulation.

Observation Procedure

Ethics consideration
Prior to the initiation of the project, careful consideration was given to the risks and ethical
considerations involved. As a result, an ethics review checklist was prepared and submitted

to the University Research Ethics Advisory Group, which subsequently approved it.

The design of the procedure aimed to minimise any discomfort or stress experienced during
the observation sessions. Blindfolding participants was a potential risk area; however, this
was mitigated by ensuring that they remain seated and could freely voice their opinions end
the session at any point. Personal details were not gathered from the participants, and their
identities were anonymised using letters in the observation findings. The only distinction

made was to acknowledge whether a participant had a visual impairment.

Observations
The participants were randomly approached from a cohort of undergraduate and

postgraduate chemistry and physics students. These students were chosen for convenience;
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they were available in the department throughout the testing period. Being science
students, they were also familiar with data presented in graphical form and therefore

understood the nomenclature of graphs.

The participants were given an introductory letter outlining the project and their role in it.
During the session, the instructor went through a predetermined exercise guided by a script.

The researcher undertook the observation.

Each observation session initially followed the same format. The researcher read through

the introductory script.

Observer script

1. You’ve been invited to help us understand the effectiveness of a device. that reads
out graphical data.

To do this you will be blindfolded.

You are not being tested but the device is.

You cannot do anything wrong.

If things do not work, it is not your fault.

Nobody’s feelings will be hurt if you say anything critical about the device.

It’s important that you speak your thoughts aloud.

© N O U A~ LN

Think of it as an item-by-item description of what you’re doing and why you’re doing

it.

You can ask the instructor questions and clarify instructions.

The participant was then blindfolded if required. The instructor then introduced the device

and the data that would be "visualised". The instructor read from a pre-prepared script.

After each instruction, observations were made of the participant's interaction with the
device, and reactions were noted. The instructor was free to offer further advice and
instruction at the participants' request. These requests were also noted. The participants

were asked to provide some data points form the peaks so that accuracy could be tested.

Finally, the participants were presented with and asked to complete a short paper-based

questionnaire.
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Observation results

Participants were asked to orientate the 3D print (Item 5 from instructor’s script)
“Place the chromatogram on the desk. To orientate it correctly you will feel a small,
raised mark. This is placed at the bottom left of the spectra. If you can’t feel this you

may need to turn it over.”

Four of the seven participants quickly orientated the 3D print correctly. Two participants
struggled to find the raised mark. Of these, a single participant initially had the print
orientated vertically (y-axis perpendicular to desk), requiring verbal input from the

instructor to re-orientate. The other had to be reminded to place the print flat on the desk.

The BVI participant had difficulties finding the marker. Initially, they tried to see the 3D print
by placing it close to the eye. (The participant had minimal partial vision) This appeared to
hamper their ability to manipulate the 3D print. Only when not trying to see print were they

able to identify the marker.

Participants were asked to describe what they felt and if they could make some deductions
(Item 6 from the instructor’s script)

“Can you describe what you feel?”

Four of the seven participants quickly and easily identified the peaks. Two participants were
able to describe the peaks in detail. Two participants initially misidentified the most
prominent peak as the y-axis. Once the instructor corrected the mistake, they could
correctly identify the peaks. The BVI participant continued to try to visualise the peaks by
placing them close to the eye. Their progress was slower than the non-BVI participants;

however, they could identify the peaks using limited vision and touch.

Participants were asked to place print onto the screen (Item 10 on the instructor’s script)
“You must first place the 3D model in the device. The raised dot will be to the bottom

left. It should fit snuggly at the bottom of the indent.”

All participants could quickly and easily place the print into the screen recess. Once fitted

participants continued to touch and feel the print ensuring it was fitted correctly.

Participants were asked to read x and y values (item 11/12 on the instructor’s script)
“You can now touch the screen with the stylus and press the buttons to read the x and

y values.”
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“Try to keep the stylus at 90 degrees/perpendicular to the screen to maintain
accuracy. Starting from the left can you find the retention times and the counts for

the most prominent peaks?”

There was a range of observed actions when asked to read the x/y values. All participants
were able to take x and y readings and repeat back to the instructor. The researcher took
the initial x/y reading by making a fine mark at the highest point of the most prominent
peak. The participant's results were compared to this. The percentage error in the readings
ranged from -4% to 13 % for the x-axis and -9% to 56% for the y-axis. The average

percentage error was 3% for the x axis and -15% for the y axis.

The two left-handed participants struggled to take readings due to the positioning of the x
and y buttons. Both operated the stylus with the left hand forcing them to cross their hands
to activate the buttons. Participants generally used two hands to locate the peaks with the
stylus initially and then transferred to one hand so they could press the buttons. The change
from two to one hand sometimes resulted in the stylus moving before the reading was
taken. It was noted that they got better as they worked through the peaks and appeared

more confident taking readings.

The angle of the stylus was another issue with some of the participants. Although asked by
the instructor to keep the stylus perpendicular to the screen, four participants held the
stylus at around 45 degrees to the screen, which along with the taper of the stylus, resulted

in incorrect readings of up to 5mm off target. (fig 42)
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Figure 42 Stylus shown at an angle of 45 degrees

Another problem encountered by two participants was that whilst taking readings, the
model could rotate upwards away from the screen. The rotation was caused by pressing

down on the model's baseline, causing it to pivot on the bottom edge. (fig 43)

Figure 43 Print rotating upwards when pressure applied to base
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Two participants had problems due to the flexibility of the material. As they tried to take
readings, the peak would flex to the right or left, introducing an error to the readings. They

also had issues stopping the stylus on top of the peak from slipping off.
Two participants were observed moving the stylus before the reading was taken.

A single participant got erroneous results due to resting their hand on the touchscreen

whilst taking a reading.

The BVI participant encountered several of the issues described above and again used a

combination of close visual inspection and touch to take readings.

Participants comments

During the observation, participants were encouraged to verbalise their actions. Comments

included;

Comments on the 3D print

"Peak wobbles around; it needs more thickness."
"Peak is flimsy — it flexes."

"I think thicker peaks are needed."

"Voice was difficult to understand."

"Awkward to hold still."

Comments on the stylus

"Tricky to hold the stylus on top of peak without it wobbling or bending."
"The Stylus slips off the peaks."

"Stylus was slippery to hold."

"Awkward to hold still."

Comments on x y buttons

"Buttons were inconvenient" (LH user)
"x and y buttons need moving" (LH user)

General comments

"I think | would be easier with practice."
"It's a good idea."
"It would be good for schools."
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Questionnaire feedback

6 of the 7 participants, labelled A- F on figure 44, answered the questionnaire. Questions

were rated 1-5 with 5 being easy and 1 not easy.

Score

3
4
3
2
| |
0
A B C D E F

Participant

W How easy was it to manipulate the 3D models?

B How easy was it to place the 3d print into the
device?

B How easy was it to locate peaks using the stylus?

How easy was it to press the x and y buttons
whilst holding the stylus?

B How easy was it to understand the artificial voice?

Figure 19 results from questionnaire

7.1 Discussion

Initially, after being blindfolded, participants were hesitant and clumsy in their exploration

of the 3D print. This initial hesitancy improved as the evaluation progressed. This behaviour

resonates with simulating blindness research®. The initial blindfolding throws the

participant instantly from seeing to being blind. It then takes time to adjust. For some

participants, orienting the object took a little time; it appeared that this was not so much

feeling the object but understanding what they were meant to be feeling based on the

instructions. So, for instance, the instructions for finding the raised mark confused

participants. Not knowing the base of the print, they found it difficult to understand how to

place it horizontally and flat on the table.

Another issue was around locating the stylus on the peaks. The highest peak gave the most

problems. As seen in the image below (fig 45), it was thin with a sharp peak. Participants

noted that the peak would bend when touched by the stylus.
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Figure 45 Peak bending

However, they knew this was occurring and were observed to take more care while making
measurements. A problem in measuring that participants were unaware of was the angle of
the stylus. The instructor asked them to maintain the stylus perpendicular to the screen.
However, not all achieved this, resulting in errors introduced to the measurements. It was

noted that the taper on the stylus prevented the tip from touching the edge of the 3D print.

It was immediately apparent that the x and y buttons were not ideally situated, resulting in

the crossing of hands for the left-handed participants.

Although it was not the best quality, all the participants understood the speech synthesis.
One participant remarked it was difficult to understand, however, all were able to repeat
the data points when asked. The questionnaire response was positive with most participant

scoring 4 and 5.

The observation of the BVI participant was interesting. Having some partial sight meant that
they used the graph reader and 3D print differently than the blindfolded students. Most
noticeably, they raised the apparatus and prints close to the eyes to visualise rather than

relying on touch alone.
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Observation suggested that the BVI participant had more issues using the instrument than
the blindfolded student. Although not much can be gleaned from a single participant, it was
a surprise as evidence from the literature suggested that BVI people have enhanced haptic

skills.83 8

The workflow to produce the print requires little intervention and the time to produce the

print is dominated by the actual print time.

Several areas were identified in the evaluation where further development was required.

These are listed below.

1. The x and y buttons required relocation to be usable regardless of handiness.

2. Asolution was required to stop the 3D print from rotating when readings were being
taken.

3. Redesign of the stylus to reduce errors caused by taper and angle.

4. Experimentation to make peaks less flexible.

5. Considering the observations of the BVI user there is a need to improve the contrast
between the screen and the 3D print.

6. Clearer guidance on what was the base of the 3D print.

So taking each of these areas in turn;

1. Relocating the buttons was a simple modification; see the CAD image below.
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Figure 20 Button relocation

2. The Grasshopper sketch was adapted to make a frame around the print to avoid
rotation. The frame has a 2.5 mm width and the same depth as the graph print. It is
constructed by creating a rectangle the same size as the graph reader screen and
subtracting a rectangle 5mm smaller in width and height. The frame fits securely into
the graph reader screen recess, preventing rotation. The frame should also prevent

the misidentification of peaks for the y-axis. (fig 47 & 48)

Solid Difference]

Figure 21 Grasshopper definition for rectangle creation
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Figure 22 3D printed chromatogram with a frame

3. The stylus was redesigned by using a stylus from a graphics pad and extending the

nib. (fig 49)

Figure 49 Stylus with extension

4. Negative 3D prints were trialled. A grasshopper definition was created that
subtracted the chromatogram from a solid rectangle. Turning the peaks into grooves
removed the flexing problems. However, fitting the redesigned stylus to the narrow

tip of the peak was difficult therefore this solution was discounted. (figs 50 & 51)

Page 62 of 80



{ ceometry g veamets b

d  Motion I rumrm

74.81378
“

. ‘B &
p = 3 ©0.002742
B | b
o

Figure 50 Grasshopper definition for negative print.

Figure 51 Negative 3D print

5. A 3D chromatogram was printed using carbon-impregnated PLA. A force of 10
Newtons was applied to the peak using a spring balance, and the distance deflected
from the vertical position was measured. The deflection was compared to the
distance the standard PLA printed peak moved. The results showed that the carbon-
impregnated PLA increased stiffness exhibiting around 60% less flexing than

standard PLA. (fig 52)
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Figure 52 Spring balance used to measure flexing.

6. The installation of a white LED made little difference between the 3D print and the
touchscreen. The white card on the back of the resistive touchscreen was too thick
to let much light through. However, different types of diffusers could be trialled in

future developments of the device.

8.  User evaluation with improved design

A second round of user evaluations was undertaken that incorporated the changes made

above.

8.1 Blindness simulation

In order to more accurately simulate blindness a decision was made to move away from
blind folds, which as described previously, has some unintended consequences. Although
there are many degrees of vision impairment, in this user evaluation a set of laboratory
safety spectacles were lightly sanded using emery cloth to give approximately 3/60 (20/200)
vison. (fig 53) 3/60 vision was achieved by repeated sanding and testing using a standard

eye chart at 10 feet until the top line E was no longer resolved.
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Figure 53 "Foggles"
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Figure 54 Simulation of 20/200 vision at 10 feet

8.2 Observation results 2

Three participants took part in the second evaluation. The second evaluation followed the

same procedure as the first, apart from substituting the blindfolds with the "foggles".

Participants were asked to orientate the 3D print (Iltem 5 from instructor script)
“Place the chromatogram on the desk. To orientate it correctly you will feel a small,
raised mark. This is placed at the bottom left of the spectra. If you can’t feel this you

may need to turn it over.”

Two of the three orientated the 3D print correctly, quickly identifying the raised mark. The

third identified the raised mark however had misunderstood what they were looking for
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and, having the instruction, were able to orientate correctly. All placed the frame flat on the

desk.

Participants were asked to describe what they felt and if they could make some deductions
(Item 6 from instructor script)

“Can you describe what you feel?”

Two of the participants quickly and easily identified the seven peaks. Two participants could
describe the peaks in detail; the third missed a peak and was less able to describe them in
detail. Unlike the first evaluation, there was no misidentification of the axis.

Participants were asked to place print onto the screen (Item 10 on instructors script)

“You must first place the 3D model in the device. The raised dot will be to the bottom

left. It should fit snuggly at the bottom of the indent.”

All participants were able to place the print onto the reader correctly. One participant
intuitively fitted the print before receiving the instruction. Once the print was fitted on the
reader, participants did not continue to touch the print, unlike the first evaluation.
Participants were asked to read x and y values (item 11/12 on instructors script)

“You can now touch the screen with the stylus and press the buttons to read the x and

y values.”

“Try to keep the stylus at 90 degrees/perpendicular to the screen to maintain
accuracy. Starting from the left can you find the retention times and the counts for

the most prominent peaks?”

When asked to read the x and y values, there was a range of observed actions. All

participants were able to take x and y readings.

Surprisingly, all participants were observed struggling with the new positions of the x and y
buttons to take readings due to the positioning of the x and y buttons. The new position of
the x and y buttons required them to pass one hand over the other regardless of handiness.
Two participants initially used two hands to locate the peaks with the stylus and then
transferred to one hand so they could press the buttons. The change from two to one hand
again resulted in the stylus moving before the reading was taken. As found in the first
evaluation, they improved as they worked through the peaks and appeared more confident

taking readings.
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All participants could hold the stylus at 90 degrees to the screen. There was visibly less flex
when measuring the most significant peak, and no flexing was noted when the

measurement was being taken.

A single participant got erroneous results due to resting their hand on the touchscreen
whilst taking a reading. However, they recognised that this might be an issue and, on

clarifying with the instructor, were able to correct it for a second attempt.

Participants comments
One participant commented that even using the goggles they were able to see the correct
orientation of the stylus. The same participant asked if their fingers resting on the screen

would affect the readings.

Discussion

Similar to the first evaluation, participants were initially hesitant and clumsy in their
exploration of the 3D print after being given the goggles to wear. However, this was
observed to be less so than with the participants with blindfolds. It was evident that
although unable to resolve detail, the fact that they could see larger shapes helped them
locate where objects were and, in some instances, such as using the stylus, assisted with

orientation.

Unlike the first evaluation, the object's orientation was quicker and presented fewer issues.
Where a problem occurred, it was more a case of the spoken instructions requiring
clarification rather than a fundamental issue with the equipment. Once the print was placed

in the reader, it was secure, and the rotation experienced in the first version did not occur.

Locating the stylus on the peaks was less problematic than on the first evaluation because of

less flexing due to the increased stiffness of the carbon-impregnated PLA.

The redesign of the stylus introduced fewer errors than the tapered version in the first
evolution. The stylus was able to get closer to the peaks. Keeping the stylus perpendicular
did not present any problems once instructed. This may have been partly due to perceiving

larger shapes using the goggles. One participant said that this was the case.

Using the new stylus, the participant's results were again compared to the researchers. The

percentage error in the readings ranged from -4% to -3% for the x-axis and -15% to 5% for
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the y-axis. The average percentage error was -3% for the x-axis and -4% for the y-axis, which

was an improvement on the first evaluation, especially in the y-axis.

Unfortunately, the x and y buttons were still not ideally situated, resulting in the crossing of

hands for all participants.

8.3 Conclusion

It was evident in the observations that, overall, the participants could acquire meaningful
results using the 3D print and graph reader. Generally, using touch, the participants could
recognise and describe the most salient features of the GC chromatogram. They could
extract peak values using the reader. This improved with practice. The participants were

generally positive in their comments and in answering the questionnaire.

As set out in the project aims, the costs for the Graph reader were kept low. The reader
costs were approximately £30, and the 3D prints were £0.15. Further development of the
reader optimising for design for manufacturing and assembly (DFAM) would reduce the
costs if volume production were a reality. Although a GC chromatogram was used in the
evaluation, using a csv file, it is expected that most single-line and bar graphs could be

printed and read using the graph reader.

Future developments

The results of the evaluation prompted further development ideas.

e Further coding to streamline the data export to remove manual manipulation. This
could be achieved using Python coding within Grasshopper; with further
development in the programming, a system could be envisaged where a csv file goes
through the workflow directly to the 3D printer. The user would only open a csv file
and press print.

e Relocate buttons to the side of the unit and use an auto-rotation function for the
screen to allow left-hand and right-hand use.

e Improved speech synthesis using a commercially available module.

e Speech recognition to remove the need to press buttons.
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10.

a)

©® N o U A W N

b)

Appendix

Observer script

You’ve been invited to help us understand the effectiveness of a device. that reads
out graphical data.

To do this you will be blindfolded.

You are not being tested but the device is.

You cannot do anything wrong.

If things do not work, it is not your fault.

Nobody’s feelings will be hurt if you say anything critical about the device.

It’s important that you speak your thoughts aloud.

Think of it as an item-by-item description of what you’re doing and why you’re doing
it.

You can ask the instructor questions and clarify instructions.

Instructor Script

Please put on the blindfold

The purpose of this experiment is to extract information and data from a
chromatogram.

| am going to hand you a 3d printed model of a gas chromatogram

You can feel it has a thickness and some peaks.

Place the chromatogram on the desk. To orientate it correctly you will feel a small,
raised mark. This is placed at the bottom left of the spectra. If you can’t feel this you
may need to turn it over.

Can you describe what you feel?

Can you make any deductions at this point?

In front of you is device that will read out the values of the graph. You can touch this
as | explain the device.

It has an indented area on top where the printed model can be placed. It has raised
buttons on the left that will read out the x and y values. You also have been given a

stylus to trace around the graph.
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10. You must first place the 3D model in the device. The raised dot will be to the bottom
left. It should fit snuggly at the bottom of the indent.

11. You can now touch the screen with the stylus and press the buttons to read the x
and y values.

12. Try to keep the stylus at 90 degrees/perpendicular to the screen to maintain
accuracy. Starting from the left can you find the retention times and the counts for

the most prominent peaks?

c) Information for participants

Dear participant

| am conducting research into assistive technology for visually impaired students. | would be
grateful for your participation in this project, user feedback is crucial to the success of this

study.

To participate, you will undertake a series of tasks using a simple piece of equipment. For
the duration of these tasks, you will wear a blindfold to simulate blindness. You will be

guided through the tasks and able to ask questions throughout.

In addition, you will need to complete a short questionnaire. Your responses are anonymous
and kept confidential. However, if you later want to withdraw, it will not be possible as

there will be no way of identifying your questionnaire.

At the completion of this project, the results will be made available to all participants. The
outcome of this project may contribute to further projects, and as such, the findings may be

published. All information will be kept completely anonymous.

Should you have any questions, concerns or issues relating to this study, contact me on
01227 823459. If you have concerns about the implementation of this project, please

discuss, in the first instance, with the school ethics representative Dr Donna Arnold.
Many thanks

Phil Marsh
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d) Questionnaire

"spectraTalk” questionnaire

Dear student, we are conducting 2 small survey on assistive technalogy. The outcome of this project may guide further development
within the chemistry modules. Your feedback is crucial to the success of this study. Therefore, we would be grateful for your
participation. To participate, you will need to complete this questionnaire. This is voluntary; there will be no conseguences if you
decline. &ny responses are kept confidential and anonymous. This means that if you later wish to withdraw, it will not be possible as
there will be no way of identifying your questionnaire.

1 How easy was it to manipulate the 30 models? [Wery easy Mot easy

[ 5 [ « [ 1 ]

2 How easy was it to place the 3d print into the device? [Werueasu Mot easy

[ 5 [ 4 [ 1 ]

3 How easy was it to locate peaks using the stylus? [Wery easy Mot easy

[ 5 [ « [ 1 ]

4.. How easy was it to press the x and v buttons whilst holding the stylus? [Werueasu Mot easy
[ 5 [ 4 [ 1 ]

5 How easy was it to understand the artificial voice? [Wery easy Mot easy

[ 5 [ « [ 1 ]

5  Please use the box below any feedback you'd like to make.
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