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Sammanfattning 
Actionkameror är ett nyligen etablerat under-segment av videokameror som fokuserar på 
filmning i krävande miljöer. Typiska användningsområden inkluderar filmning av diverse sport 
evenemang, samt drönar-filmning. Två vanliga orsaker till låg bildkvalité i dessa typer av 
kameror är starkt solljus samt vattendroppar som fastnar framför linsen. Detta arbete undersöker 
vare sig det går att designa ett actionkamera tillbehör som löser dessa problem. Teknologi för att 
kontrollera ljusinsläpp var given vid projektets start, medan tillvägagångssättet för dess 
integration var öppen. För den vattenavvisande funktionaliteten krävdes dock undersökning av 
relevant tidigare forskning, samt utvärdering av dess applicerbarhet i nuvarande arbete. 
Undersökning visade på Electrowetting on dielectric (EWOD) som den mest lovande tekniken 
för att ta bort vatten droppar. EWOD var utvärderat genom sammanställning av relevanta 
tidigare forskningsarbeten, samt skapande av en test enhet. Testet kunde slutligen inte återskapa 
EWOD fenomenet, med stor sannolikhet på grund av för låg noggrannhet i använda 
tillverkningsmetoder. Trots detta var de lovande egenskaper som tidigare forskning indikerade, 
tillräckligt för att välja att implementera tekniken i den slutliga designen. Parametrar som kräver 
optimering för lyckad integrering i portabel konsumentelektronik har understrukits, och 
rekommendationer till framtida forskning givits. Den slutliga designen presenterad i detta arbete 
visar på att det är möjligt att skapa ett skapa ett tillbehör som löser de angivna problemen med en 
design som är attraktiv för relevanta kundsegment.  
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Abstract 
Action cameras is a recently emerged sub-segment of cameras that focuses on videography in 
demanding environments. Typical use cases include various types of sport and drone footage. 
Two factors that frequently affect the image quality of these cameras negatively are excessively 
strong sunlight, and water droplets beading in front of the lens. In this work the question of 
whether or not it is possible to design an accessory that solves these problems is investigated. 
The technology for mitigating excessive light was provided at the outset of the project, leaving 
the question of integration open. The water repellant functionality on the other hand required 
investigation of relevant theory, as well as evaluation of applicability in the context of current 
work. Electrowetting on dielectric (EWOD) was determined to be the most promising approach 
for removing droplets. EWOD was investigated by looking at relevant research, as well as 
creating a test sample. The sample proved to be inadequate for testing the phenomena, 
presumably because of lack in manufacturing precision due to resource constraints. Despite this, 
the promising results shown in previous research were deemed sufficient for choosing the 
technology for integration into the final product design. Parameters that need optimization for 
successful integration of EWOD in portable consumer electronics have been highlighted, and 
recommendations for future research given. The accessory presented in this work shows that it is 
indeed possible to create a device that solves the stated problem, while at the same time 
appealing to relevant customer segments. 
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1 Disposition
In the Frame of Reference the theoretical framework that the thesis builds upon is 

presented. Subsequent sections are structured in the chronological order that work was 

executed in.

The Pre-Study relays the investigative work that has been conducted to build a knowledge 

base around the needs and preferences of potential user segments. 

In the Requirement Specification section, the gathered knowledge is condensed into criteria 

that could be implemented in the Ideation and Design Refinement stage. 

At the end of the report the result of the work is evaluated against the initial criteria, and the 

limitations of the work discussed. The methods used in the design process are also 

evaluated, and recommendations for future research given.
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2 Introduction

2.1 Background

The subject that this thesis investigates was initially provided by Top Notch Design AB, a 

design bureau located in Stockholm. The initial request was to evaluate the feasibility of 

solving a set of potential problems when recording video using action cameras.

Action cameras have recently emerged as a new subcategory of consumer cameras meant 

to be used in physically demanding environments. Typical use cases for this type of camera 

include motor sports, water sports, winter sports and other shooting situations where the 

recording equipment might be subjected to the elements or physical shock. 

2.2 Problem Definition

The purpose of the project is to investigate the feasibility of developing an action camera 

accessory that reduces or eliminates two common factors that have negative effects on 

image quality: bright direct sunlight and formation of water droplets in front of the lens. 

GoPro Inc. has been chosen as the specific brand of action camera because of their large 

user-base and the wide ranging applicability of their cameras. See Appendix Q for more 

information about GoPro.

The result of the thesis will come in the form of a product design that solves the stated 

problem and presents a clear path for further development and market introduction. In the 

case that the technology required turns out to be beyond the scope of the project, the 

feasibility analysis will constitute the central deliverable.

For mitigating the problem of direct sunlight it is requested by Top Notch Design that their 

proprietary technology is used. The integration and implementation of said technology is left 

open in the project. 

Parts of the technical solutions developed throughout this project should be possible to 

implement in other products where a clear optical view is essential. Alternative areas of 

application include but are not limited to: commercial broadcasting, research and military 

applications.

2.3 Delimitations

In order to adjust the scope of the work to the time-frame and resources provided by Top 

Notch Design and KTH, certain delimitations have been put in place. 

The developed accessory has been limited to compatibility with only one action camera 

model, the GoPro Hero 5 Session (see Illustration 1). The user groups investigated have 

also been limited to only include those that are deemed sufficiently large, and with clear 

channels of outreach available. 
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Promising technologies whose prototyping would require equipment/resources not available 

in this project, have been investigated primarily in theory. The most notable technology that 

has fallen under this limitation is sequentially controlled electrowetting on dielectric (EWOD).

2.4 Methodology

The project will begin by conducting a pre-study in order to generate the knowledge base 

necessary for approaching a solution. 

Potential user groups that could benefit by a solution to the stated problem will be defined, 

then investigated through user-surveys and open ended interviews. The purpose of these 

methods will be to explore how the problems of strong sunlight and water droplets are solved

today, and what design preferences the various user segments exhibit.

Drawing on the theory available in the Frame of Reference, a number of practical tests will 

be made in order to evaluate the integrability of promising technologies for droplet removal. 

By analyzing the results of these tests along with the body of previous related research, a 

decision will be made on which technology is best suited for water removal in the context of 

current work.

With the technical solution decided upon, a set of concepts will be generated that integrate 

the solution in various ways. The ideation process will be executed through brainstorming 

and exploration by sketching. The most promising concepts created in this phase will be 

evaluated using a Pugh Matrix- and SWOT- analysis. The results of these techniques, in 

combination with feedback gathered from client and supervisor, will inform which of the 

concepts will be chosen to move forward with. 

At this point the selected concept will enter the design refinement stage where aesthetics, 

design for manufacturing and design for assembly will be investigated. Aesthetics will not be 

considered prior to this stage due to the heavy dependence upon the technical solutions 

selected. 
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Once a solution has been presented, an evaluation will be conducted against the criteria set 

by the client with respect to design and performance. To evaluate the environmental impact 

of the final design, a life cycle analysis (LCA), will be created. Part of the evaluation will be 

the creation of one or several prototypes. The number of prototypes will depend on whether 

or not it is possible to integrate functionality and aesthetics into one.

2.5 Risk Assessment

Below is a table mapping possible risks encountered in the project, their severity and the 

likelihood that they will occur. For the scenarios with the greatest risk index (product between

probability and severity), a short action plan for risk avoidance has been provided. 
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Risk Probability
(1-3)

Severity
(1-3)

Risk
Index

Action plan

Failure to develop 

technology for 

repelling water.

2 3 6 Make a thorough feasibility 
analysis so that value is still
provided.

Having one or several 

parts of the project 

take more time than 

accounted for.

3 2 6 Include a safety margin in 
the project plan to account 
for unforeseen events.

Failing to find a way of

integrating the 

proprietary ND 

technology of Top 

Notch Design into the 

product. 

1 3 3

Failing to find a way of

attaching the 

accessory to the 

GoPro camera.

2 3 6 Make a thorough feasibility 
analysis so that value is still
provided.

The final design will 

require CAD 

knowledge above my 

current skill level.

3 2 6 Dedicate enough time to 
CAD in the project plan to 
allow for a learning period.

The project will require

more funds than those

available from the 

client.

2 3 6 Substitute expensive 
experiments with theoretical
research.

Machine failure delays

the prototyping 

process.

3 2 6 Start working on prototypes 
early and when possible 
use manufacturing methods
where backup machines are
available.

Delivery of crucial 

components delay the 

project.

3 3 9 Order components early 
and with express delivery 
when possible.

Shock hazard during 

hands-on 

development

2 3 6 Follow safety procedures 
carefully and use low 
current fuses where 
necessary. 
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2.6 Sustainability Perspective

The sharing of videos and photography is becoming an increasingly integral part in peoples 

lives. Consequently the equipment used in the creation of content is also becoming more 

prevalent. This puts a great demand on the sustainability of cameras due to the shear 

number of units that is expected to be manufactured. In 2015 more than 7 million action 

cameras were shipped across the world, and the market is expected to grow 22% 2016-

2023. (Global Market Insight Inc. “Action Camera Market Size and Forecast Report”)

Another aspect unique to the action camera sub-segment is that the product is likely to be 

used in environments where it risks being lost in nature. If lost when filming in water it could 

affect the marine ecosystem, and if lost when filming on land the terrestrial one. This makes 

aspects such as toxicity of materials, more important than in accessories for products that 

are not used in nature. 

In order to assure sustainability of the accessory developed in current work, the materials 

have been selected with strict requirements on both recyclability and RoHS compliance. 

Easy disassembly for recycling has also been facilitated by using screws in the main 

housing. 

To evaluate the product’s impact with respect to CO2 emissions and energy, a life cycle 

analysis has been conducted, see Evaluation section.
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3 Frame of Reference

The theoretical framework of this work consists of two main parts related to the problem 

investigated: Neutral density filters and methods for removing droplets from surfaces. An 

investigation that provides an overview of existing accessory mounting solutions can be 

found in Appendix G. 

3.1 ND Filters

Neutral Density filters (ND-filters) are used in photography to reduce the amount of light 

entering the lens without affecting the color balance of the scene. This allows the camera to 

use a wider aperture and longer exposure times. In still photography ND-filters are a 

common way to create certain effects such as motion blur and shallow depth of field in very 

bright scenes.

Common types of ND-filters are fixed step, variable and graduated filters. Fixed step filters 

have a fixed shading expressed in f-stop increments, commonly available in 1-, 2- and 3 f-

stops even if darker filters are available. Graduated filters are darker on the top half in order 

to create more well balanced exposure in scenes where the sky is brighter than the ground. 

(K. Eismann, 2010)

Variable ND-filters can, as the name implies, be adjusted to vary the amount of light they let 

through. This is achieved by using two polarized layers that can rotate in relation to each 

other. As the polarizing lines of the layers approach perpendicularity the amount of light let 

through is diminished, a consequence of each filter polarizing the light in a different plane.

3.1.1 Liquid Crystal Variable ND-Filter

Per request of Top Notch Design, technology provided by LC-Tec will be used for modulating

light intake. The technology will be similar to the one found in publicly available products of 

LC-Tec, such as the PolarView®-ND(212) filter.

The PolarView filters change their light throughout when a drive voltage is applied to the 

integrated layer of liquid crystals (LC). Compared to conventional mechanical variable filters,

LC variable ND filters are electro-optical, contain no moving parts and are completely 

vibration-free. See Appendix P for more information on the PolarView filter

The basic layer structure consists of two transparent indium tin oxide (ITO) electrodes on 

glass substrates, with a layer of liquid crystal evenly distributed in between, see illustration

2.
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Illustration 2: Layer structure of LC-Tec variable ND filter

When a voltage is applied between the ITO electrodes the crystals are distorted due to the 

electrostatic field, which results in a darkening of the filter. When the electrostatic field is 

removed by grounding the circuit, the filter restores its maximum light throughput capacity. 

The light throughput of the filter is controlled by supplying a square wave at a frequency high

enough to be imperceivable by the human eye (approximately >60Hz). The amount of 

darkening generated will be determined by the proportion between time at maximum value 

(T1) and time at minimum value (T0) in the square wave, see illustration 3.

Illustration 3: Square wave for controlling filter light throughput.

3.2 Repelling Water Drops

Various methods which can be used for repelling water droplets are investigated below. 

3.2.1 Hydrophobic Effect

The hydrophobic effect is the name given to the apparent force that is behind a host of 

phenomena in nature, water droplets suspended on a lotus leaf being a common examples, 

see Illustration 4. The effect is dependent on the interaction of several factors including 

enthalpy, temperature, size and shape of the solute. Despite being an intense area of study 

the underlying mechanism is still not fully understood. (Gibb 2011, 9–10). 
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Illustration 4: Droplets exhibiting the hydrophobic effect when placed on a lotus leaf.

There are many products available for purchase that repel water by using the hydrophobic 

effect. When applied hydrophobic coatings act to reduce the roll-off angle of water drops, 

resulting in dryer and cleaner surfaces. Common areas of application for these coatings are 

eyeglasses, transparent shower walls, and camera lenses. 

Today super-hydrophobic coatings with good abrasion and wear resistance are very 

demanding to fabricate. The reason for this is that most liquid repellant coatings are 

fabricated by nanoparticle assembly on the surface in the form of films. These films 

demonstrate relatively poor substrate adhesion and rubbing induced wear resistance 

compared to polymer based coatings (Bayer 2017, 1).

3.2.2 Wipers

A common method for drop displacement is using a rubber pad, as encountered in 

windshield wipers of various designs. Another product that uses rubber wipers for this 

purpose is security cameras made for outdoor installation, see Illustration 5. 

Illustration 5: Security camera housing with wiper.
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3.2.3 Mechanical Vibration

Mechanical vibration has been shown to affect the contact angle and sliding speed of 

droplets pinned to a vertical plane. (Dong, Chaudhury, and Chaudhury 2006) There is also a 

patent related to using a vibrating membrane, e.g. automobile rearviewmirror, to remove 

water drops. (US Patent No. US5012593 A)

Despite this no consumer products that use vibration for droplet removal were encountered. 

Difficulty of integration caused by mechanically moving parts and noise generation could be 

a possible explanation for this. (S. J. Lee et al. 2014)

3.2.4 Rotational Windows

Yet another way of displacing droplets is through rotation of the pinning surface. The rotation

creates a centrifugal force which moves the drops outwards from the axis of rotation. Spin 

windows are commonly installed on boats, and in machinery where excessive chip and 

water risks obstructing the view of the working environment. Illustration 6 shows the Visiport 

window designed for installation in CNC machinery.

Illustration 6: Visiport spin window.

3.2.5 Leidenfrost Effect

The Leidenfrost effect is named after J.G. Leidenfrost (1715–1794) who observed that when 

a droplet touches a surface which is exceedingly hot a small vapor cushion is formed. This 

cushion breaks direct contact between the droplet and the surface, prolonging the lifetime of 

the evaporating droplet due to the comparatively low heat conductivity of vapor. This 

phenomena can be observed when a droplet falls on a hot kitchen stove and seemingly 

floats over the surface, see Illustration 7. (Brutin 2015)
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Illustration 7: Leidenfrost Effect observable on heated stove.

Apart from lowering thermal conductivity, the effect also results in virtually frictionless contact

between the droplet and heated surface. This low friction can be used to slide droplets on 

surfaces under very low angles. (Dodd et al. 2016)

3.2.6 Electrowetting on Dielectric

Basic electrowetting (EW) is the phenomena where a droplets pinning force to a plane is 

modified by applying a voltage between the droplet and an underlying electrode. In the 

consumer space the effect is used to create adjustable optical lenses and e-ink displays, but 

mainly EW is used in research settings. 

EW leads to electrolytic decomposition of water when applying voltages beyond a few 

hundred millivolts. To solve for this a solution was proposed in the early 1990s that 

introduced a thin insulating dielectric layer to separate the conductive liquid from the metallic

electrode, thereby eliminating electrolysis. This modification of EW is known as 

electrowetting on dielectric (EWOD), see Illustration 8. (Mugele and Baret 2005)

Illustration 8: Generic electrowetting (EW) set-up. Partially wetted liquid droplet at zero

voltage (dashed), and at high voltage (solid). (Mugele and Baret 2005, fig. 1)
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Droplet Detachment Through Voltage Pulses

By using EWOD in combination with a hydrophobic layer (Teflon AF 1600) droplets can be 

detached from a surface once the pinning forces are weakened and the contact angle 

becomes sufficiently small. When applying a square pulse of 135 V this method has been 

shown to work both with a top needle electrode setup (a), and coplanar electrode setup (b), 

see illustration 9. (S. J. Lee et al. 2014)

Illustration 9: Two variants of EWOD setups shown to work for droplet detachment 

under a high voltage square pulse wave. (S. J. Lee et al. 2014)

The droplet detachment occurs by conversion of the additional pinning force created during 

the high voltage phase, into kinetic energy once the voltage is removed and the droplets 

contact angle increases. See illustration 10 from (S. J. Lee et al. 2014).
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Illustration 10: Snapshots of a droplets silhouettes under various times during and 

after, the application of high voltage pulses. (S. J. Lee et al. 2014)

Droplet Detachment Sequential Electrode Array Control

Another way to actuate droplets through EWOD is by using electrode arrays. By strategically

subjecting the array to a sequence of voltage configurations, it is possible to achieve 

controlled droplet movement. This method has been used successfully in microfluidics for 

creating lab-on-a-chip devices (Sung Kwon Cho et al. 2003). Furthermore it is possible to 

implement the electrode array as a printed circuit board (PCB), simplifying its manufacturing.

(Fair 2007)

The coplanar electrodes used in microfluidic devices are sufficiently large for the voltage 

applied between electrodes to actuates the droplet along the surface, instead of merely 

changing the droplets contact angle. Once the droplet has reached its new desired position 

the voltage is applied to the next pair of electrodes, continuing the droplets movement. 

Illustration 11 shows a coplanar electrode array setup, as described by R.B. Fair.

21

https://paperpile.com/c/4pDIfN/r3Nm
https://paperpile.com/c/4pDIfN/L5XE


Illustration 11: Coplanar electrode setup and layer breakdown as used in lab-

on-a-chip devices. (Fair 2007)

This method has been shown to work for the purpose of assisting in pendant and sessile 

droplet detachment from glass substrates at an inclined angles, see Illustration 12 (K. Y. Lee

et al. 2016). The voltage required for droplet removal using this setup is smaller than that 

required by the voltage pulse setup of S. J. Lee et al. (10-60V compared to 135V). 

Illustration 12: Coplanar electrode setup used in by K. Y. Lee et al. for removing 

droplets from a glass substrate. 

The electrodes used in the work of K. Y. Lee et al. are smaller than those of most microfluidic

applications, resulting in droplets larger than 200μm covering multiple electrodes 
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simultaneously. This suggests that multiple electrodes were momentarily connected in order 

to form electrodes large enough for a complete droplet to rest on, but few details are 

provided on the sequential control used by K. Y. Lee et al.
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4 Evaluation of Promising Technologies
The purpose of the technical evaluation is to obtain a better understanding of the working 

principle and limitations of promising technologies described in the Frame of Reference. 

Since Top Notch Design provides a ready technology for achieving variable ND-filter 

functionality, that part will be excluded from the technical evaluation, leaving the water 

repellant function as the main subject. 

4.1 Mechanical Vibration

The goal of the technical study around vibrations is to investigate how the water repellent 

property of a surface is affected by vibrations of various frequencies. The range of 

frequencies tested will be sub-100Hz to 1000Hz.

Method

For the 100Hz-1000Hz range the vibrations will be generated by feeding a speaker driver 

frequency signals through an amplifier. A petri dish will act as the surface on which droplets 

will be suspended.

Illustration 13: Faital PRO3FE25 speaker driver

 

The setup will have the petri dish glued to the speaker driver (see Illustration 13) and 5 drops

of water applied onto the surface. The diameter of applied water drops will be kept at 

approximately 5 mm by measuring with a caliper. 

The investigated frequency will then be generated and the driver tilted until the roll-off angle 

is reached for one of the water drops. The tested frequencies will be in the 100-1000 Hz 

range in increments of 100 Hz. The experimental setup can be seen in Illustration 14.
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Illustration 14: Experimental setup with amplifier connected to driver with glued onto 

the petri dish.  

Sub 100 Hz frequencies

Since the driver cannot go below 100Hz another method will have to be used to investigate 

the water repellant effect of those frequencies. 

For this purpose a low-power vibration motor as found in mobile phones will be glued to the 

petri dish. By connecting the motor to a DC power source through a potentiometer the 

intensity and speed of vibrations will be controllable. While the frequency is assumed to go 

below 100 Hz due to the mostly inaudible nature of mobile phone vibration, the exact 

frequency is not possible to determine using this method. Illustration 15 shows the 

experimental setup. 

The method is deemed adequate for the purpose of testing low frequencies due to its fast 

implementation. If the results for repelling water below 100 Hz are promising a more 

thorough follow-up investigation will be conducted. 

Illustration 15: Vibration motor glued to petri dish and attached to power through

potentiometer
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Results

The results show that vibrations can indeed decrease the roll-off angle for water drops. This 

was especially clear in the 100-400 Hz range. See Appendix I for detailed results. 

Sub 100Hz vibrations showed little promise for removing water. The low effectiveness of 

those frequencies is supported by previous research that shows strong harmonic vibrations 

in the 20-200 Hz range causing water drops to climb up a slope, contrary to what one might 

expect. (Brunet, Eggers, and Deegan 2007)

Despite the promising results of the 100-400 Hz range, they are unlikely to be implemented 

in the final design due to the noise produced.

4.2 Hydrophobic Coating

The technical evaluation will have the goal of testing the effectiveness of existing coatings 

for repelling water from a camera lens.

Method

The GoPro camera will be placed on a foam block with the lens facing upwards in front of a 

patterned screen as seen in Illustration 16. 

Illustration 16: Experiment setup of hydrophobic coating testing.

The distance from the screen should be sufficient to fill the entire field of view of the GoPro 

camera. The following steps will be executed for each test:
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1. 5 drops with an approximate diameter of 3 mm are placed on the camera lens as it is 

pointing upwards, see Illustration 17.
2. The camera is turned 90 degrees towards the patterned screen by tilting the camera 

slowly over one of its edges in a smooth motion
3. A picture is taken through the mobile phone app the instant the camera has stopped 

moving

This process will be repeated three times for each of the following coatings:

● No coating
● Oakley Hydrophobic coating
● Lens Hydrophobic Treatment by Microclair

Illustration 17: Water droplets placed on top of camera.

The captured images will be compared with respect to the amount of water seen in each 

image. 

Results

There was a great disparity between the amount of drops seen in images taken with the 

same experimental parameters, which suggests that the coating is of secondary importance 

to other variables. See the complete image set in Appendix I.
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No coating (rep. 1) No coating (rep. 2)

Oakley coating (rep. 1) Oakley coating (rep. 3)

A possible explanation could be that the diameter of the applied water drops influenced the 

results. Since there is an exponential relationship between the diameter and mass of a 

droplet, even small variations could have a big impact on the gravitational forces exerted. 

Regardless of the source for disparity, the results show that lens coatings present an 

imperfect solution since drops were often stuck after the coating was applied. 

4.3 Electrowetting on Dielectric

In order to evaluate electrowetting on dielectric, a PCB with a comb-shaped coplanar 

electrode structure similar to that seen in the work of Lee et al. 2014 was created. The 

following differences were made to the original layer structure and electrode geometry used 

by Lee et al: 

● Wider isolation and electrode width, 100μ and 200μm respectively.
● No hydrophobic layer
● Parylene-C application using methods with only approximate layer thickness control

Illustration 18 shows the finished sample.
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Illustration 18: Electrodes coated with a dielectric layer.

Before creating a setup that could simulate the high voltage pulses used by Lee et al, the 

samples were probed with 90VDC. Preliminary tests showed only very slightly modification 

of the contact angle between droplet and surface. This meant that further experiments using 

the sample were unnecessary. 

The failure in producing a significant change in the contact angle can be attributed to one or 

several of the following factors:

● Lack of thickness control for the dielectric layer
● Lack of hydrophobic layer
● Too wide electrodes and isolation spaces in the PCB pattern

To conclude which of these factors has the greatest impact on the effectiveness of EWOD, 

more experiments need to be conducted.

Lowering the Actuation Threshold Voltage

Having a low actuation voltage is beneficial as it allows for fewer and/or simpler components 

to be used in circuit design. It also lessens the risk of electrical shock to the user. 

Below is a Ishikawa-diagram showing how various factors affect the actuation voltage, see 

Illustration 19.
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Illustration 19: Ishikawa-diagram showing which factors influence the actuation 

voltage.

4.4 Technical Study Analysis

There is a scarcity of available methods for achieving droplet repellant functionality. The 

most common solutions today are spin-windows and physical displacement of droplets 

through the use of a wiper. Both of these methods present challenges when miniaturized and

put in the context of an action camera accessory. 

Mechanical vibration was proven to be a non-viable solution to the droplet problem due to 

the effective frequency lying in the range of human hearing. Hydrophobic coatings were also 

proven to be a non-perfect solution in the technical evaluation, as droplets were often stuck 

to the surface even after applying the coating. 

In the context of current work the Leidenfrost Effect presents two major obstacles inherent to

the phenomena itself. The first is that the front of the lens would, at least partly, need to be 

heated to temperatures above 100 degrees Celsius in order to achieve quick evaporation. 

This would naturally present a great hazard to users. The second challenge is that of large 

power consumption. Heating the lens would likely require a lot of power, something that is 

difficult to achieve in a small and battery powered product.
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Finally, utilizing the electrowetting effect (EW) for repelling water is a very promising path to 

follow due to its low power consumption, fast response time and easy integration in 

electronic products. (K. Y. Lee et al. 2016)
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5 Pre-study
The purpose of the pre-study is to answer the following questions for all potential user 

segments:

● Is water drops on the lens a problem when capturing video with action cameras?
● Is too much light entering the lens a problem?

If those are in fact real problems, the following questions need answering:

● How is the problem of water on the lens being solved today?
● How is the problem of too much light entering the lens being solved today?

Values and design preferences of the various user segments will also be investigated in 

order to provide a basis for design decisions later on. 

5.1 User Segments

Since the product is an add-on to existing GoPro cameras all potential user groups will 

constitute a subset of the larger already established GoPro user base. 

5.1.1 Identification

By focusing on environments where the user could benefit from water repellant and light 

controlling functionality, the following segments were identified:

● Sport practitioners
○ Water sports
○ Winter sports

● Drone photographers
○ Hobbyists
○ Professionals

● First person view broadcasters
○ Sporting events

● Armed forces
○ Military
○ Police

5.1.2 Validation and User Delimitation

In order to narrow the scope of the study, some segments were further specified and others 

excluded based on likeness of expected needs and problems.

Water sports

The water sports segment was narrowed down to only include surfers. This was deemed 

necessary since an investigating of all water sports would go outside the scope of the thesis.

It is further assumed that the user behavior within this category is fairly similar, making the 

majority of results transferable to water sports other than surfing as well. The reason for 

choosing surfing in particular is the good fit the sport offers the GoPro brand, combined with 

its widespread popularity.
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Winter sports

For the same reasons that water sports was narrowed down to only include surfing, the 

winter sports segment will be narrowed to only include snowboarders. As with surfing, 

snowboarding is deemed to be an adequate choice due to the popularity of the sport and 

good fit to the GoPro brand. 

Drone photographers

The professional drone photographer segment has been merged with the hobbyist drone 

photographer segment due to the perceived likeness of expected needs. Another reason for 

the merger is the difficulty in establishing a clear boundary between professional and 

hobbyist drone users.

Sport broadcasting

GoPro’s website presents several case studies on using their cameras in sporting events. A 

prominent example shows how GoPros were used in the Winter X games 2015 and 

discusses the company’s collaboration with Vislink broadcasting company in order to provide

the technology. 

Despite this, few external sources to GoPro were found to have used their technology for 

sport event broadcasting. It is assumed that the scarcity of information is a sign that GoPros 

are not commonly used in sport broadcasting, thereby making the user segment not warrant 

further investigation. 

Military

Similarly to the sport broadcasting user segment, little external information was found on 

widespread use of GoPro cameras in the military. This could be a result of armed forces 

around the world considering the documentation equipment they use to be sensitive 

information. 

Considering that GoPro do sell a mount for night vision goggle helmets (GoPro - NVG 

Mount) it is assumed that the military user segment does exist, despite there being little 

information about it. In this work the user segment will be excluded due to the difficulty of 

determining potential user segment size, and lack of channels of communication. 

Final List of Investigated User-segments

After the exclusions and delimitations described these are the segments that will be 

investigated further:

● Snowboarders
● Surfers
● Drone photographers

5.2 User Survey

Since the investigated questions are short and do not require extensive follow up, a survey is

deemed to be a good method for gathering answers. 
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5.2.1 Method

To comply with the guidelines found in the International Handbook of Survey Methodology 

(de Leeuw, Hox, and Dillman 2012, chap. 8), the survey questions will be formulated 

differently from those that the user study aims to answer. The language will be made 

unambiguous and adapted to that of the investigated segment.

The questions are:

1. Name one common source of bad image quality when recording

2. Have you ever found water drops on the camera lens to be an issue when 

recording <activity>?
a. If yes, how do you solve the problem of water on the lens when 

recording?

3. Have you ever used a camera filter when recording <activity>?
a. If yes, what type of filter did you use?

4. Has strong sunlight ever impacted the quality of footage negatively?
a. If yes, how do you solve the problem of too strong sunlight?

By presenting the questions sequentially, the impact of the implicit assumptions in questions 

2 and 3 can be evaluated by examining the answers to question 1. The complete survey can

be found in Appendix A.

The survey will be carried out through Google Forms as the software allows for logical gates,

where the person answering the survey can be forwarded to different sections based on their

answer. The survey parameters will be set to require Google Account sign-in in order to 

avoid multiple entries by the same person. The channels used to distribute the survey can 

be found in Appendix F. 

5.2.2 Results

Below is a summary of the survey data gathered from each user segment. The complete 

results can be found in Appendix B.

Drone Photographers

Approximately 20% of drone photographers found water/snow on the lens to present a 

problem. Common solutions mentioned included manually wiping the lens after landing the 

drone, alternatively moving the gimbal (mechanism used for stabilizing footage and moving 

the camera) fast enough to shake the drops of. Many drones lack gimbal functionality, thus 

the solution is not applicable to all drone users.

A large number of respondents (80%) identified excessive sunlight to be a problem when 

recording. Using a fixed step ND-filter was the most common solution to the problem.
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Surfers

Water on the lens was named as the most common problem when recording sessions, even 

before being prompted about it directly. The most common solution to the problem today is 

to apply saliva to the lens shortly before recording. A small number of surfers said they used 

a hydrophobic coating to remove water drops in front of the lens. 

Most (approx. 70%) of the respondents answered that strong sunlight had impacted their 

footage negatively. Despite that, no one had used a ND-filter when recording.

Snowboarders

The majority found water or snow on the lens to be a problem, with the most common 

solution being to simply wipe the water off the lens. Saliva which was the most common 

solution among surfers was not mentioned by snowboarders. 

Too strong sunlight was also reported to be a problem, with the only solution mentioned 

being adjusting the camera settings.

5.3 User Interviews

The goal of the user interviews is to obtain insights into the needs and design preferences of

the various user groups. By complementing the data gathered in the user survey with the 

insights from these interviews, a more thorough understanding will be created around the 

problems experienced and potential solutions.  

5.3.1 Method

The interviews will be conducted in a semi-structured manner as the method is well suited 

for asking open ended questions about design preferences. It is also useful in situations 

where one suspects that there might be momentous but yet undiscovered issues to explore, 

as is the case here. (Newcomer, Hatry, and Wholey 2015, chap. 19)

The interview will follow a pre-crafted agenda that details the topics to cover, as per 

recommendation of the Handbook of Practical Program Evaluation. For each question, a 

further probing question will be asked with the purpose of gathering more insightful data. 

Examples of probing questions are: Could you explain further? How come? Why do you feel 

that way about X? (Newcomer, Hatry, and Wholey 2015)

Agenda:

1. Introduction of project and the purpose of the interview
2. Explaining confidentiality (Do they allow their name to be used?)
3. Discussion around the prepared questions: 

a. What equipment do you use?
i. Probe further

b. Do you have any design preferences when it comes to your sport/hobby*?
i. Probe further

c. Do you have any feature preferences when it comes to your sport/hobby*? 
i. Probe further

d. Do you have any feature preferences when it comes to action cameras? 
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i. Probe further
e. Thoughts on the problem the accessory aims to solve?
f. Other comments?

*Wording will depend on the person interviewed. 

In order to keep a good conversational flow, the audio of the interview will be digitally 

recorded for later analysis.

5.3.2 Results

The following selected insights were obtained from the user interviews. For detailed results 

from each interview see Appendix C.

● It is important for surfers that the accessory is lightweight so that it does not interfere 

with the balance when attached to the nose of the surfboard. 
● The battery should at least match that of the GoPro
● Too much light is not an important problem for surfers
● Among drone pilots both water and too much light are significant problems.
● Drone pilots care about performance far more than design aesthetics. 
● Quick attachment and detachment is important unless the accessory has zero 

negative effects on image quality. 
● There is a fear that hydrophobic coatings might damage lenses and filters.
● Bright colors are useful for finding things in the snow
● The device needs to be operable when wearing winter gloves.

5.4 User Study Summary

The results gathered show that there are significant differences in which functionality the 

different user segments prioritize. While snowboarders and surfers found the most significant

problem to be water on the lens, for drone photographers it was too much light. The survey 

also concluded that there are no perfect solutions available today in any of the investigated 

segments. 

The user interviews uncovered some important considerations for the design process. The 

interviews also identified some common preferences between the user segments, such as 

low weight, battery that matches or outperforms that of the GoPro, and good waterproofing. 

All of the interviewed subjects said that they care about performance above all else, and put 

little importance to the look of the product. 
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6 Requirement Specification
The requirement specification consists of two parts: requirements provided by the company, 

and guidelines based on results from the pre-study. 

Implementing the requirements set by the company will be mandatory during the design 

phase, whereas the requirements derived from the pre-study will be seen as guiding 

principles.

6.1 Requirements

These are the requirements provided by or approved by Top Notch Design.

General

● Work with the GoPro Hero 5 Session camera

Design

● Have an easily identifiable look
● Appeal to the main user groups

Performance

● Use the proprietary Top Notch Design technology for achieving ND filter capabilities
● Prevent water droplets from ruining images
● Withstand forces and shocks encountered during normal use
● Water and dust proof rating of IP67 (dust tight and submersible up to 1 m)
● Sounds from gadget should interfere moderately at most with the audio capture of 

the camera
● Be lightweight
● Work properly in the temperature range -10 to 50 degrees Celcius
● Allow control through Bluetooth

Usability

● Not require any instruction manual for users of average technical prowess 
● Minimize setup time
● Should not diminish the GoPro’s usability in any significant way

6.2 Guidelines

Drawing on the results of the pre-study the following guidelines have been established:

General

● The water repellant functionality and ND-filter functionality should be kept separate
● The accessory should be easily located in snow. 

Performance

● Should allow for quick removal unless there is no negative impact on image quality
● Should not weigh more than the Hero 5 Session GoPro camera (75g)
● The battery should match or outperform that of the camera (at least 1.5 hours)

39



● Utilize EWOD to achieve droplet repellant functionality
● Have a low profile in relation to the lens in order to avoid interfering with the camera’s

field-of-view

Usability

● Be compatible with the GoPro mounting ecosystem
● Be usable in winter gloves
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7 Ideation
The ideation focuses on the functionality and usability of the proposed accessory. Aesthetic 

aspects will be investigated further as part of the design refinement. 

7.1 Concept Generation

The ideation process began by quickly sketching a large number of concept proposals, with 

little evaluation of feasibility. 

In the next stage of the process, promising paths were selected from this large number of 

sketches and further refined, see Illustration 20. At the end of this process the number of 

possible concepts had been reduced to three, each of which offered a distinctive path 

forward. 

Illustration 20: Concept sketching during ideation phase.  

7.2 Concept Proposal

The following is true for all proposed concepts:

● Separate modules for water repellant functionality and ND-filter functionality
● Use of sequentially controlled EWOD in order to achieve water repellant functionality
● Use of proprietary technology of Top Notch Design to achieve ND-filter functionality 
● Mounting point to integrate with the GoPro mounting system, see Appendix Q
● Option to adjust settings through Bluetooth
● Low profile in relationship to lens in order to be hidden from the field of view
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The motivation for choosing sequentially controlled EWOD as the method for removing water

is the simple integration the technology offers compared to other methods investigated in the

technical study. 

7.2.1 Concept 1 – Single-module

The first concept has a single module that houses all components required for achieving the 

filter functionality. It is attached to the GoPro by replacing the six screws around the lens. 

See Illustration 21.

The filters cannot be stacked, which means there would have to be two self contained 

modules, one with water repellant functionality, and one with the variable ND-filter.

7.2.2 Concept 2 – Dual-module

The second concept has two separate modules, one of which is meant to always stay 

attached to the camera (module 1), and one that is quickly interchangeable (module 2). 

Module 1

The semi-permanent module is attached by replacing the standard lens-cover of the camera,

thereby allowing for a waterproof design. This module has no electronics and no filter in 

order to interfere as little as possible with the functionality of the camera. At the front of the 

module there is a clamping mechanism that allows attachment of the second module, see 

Illustration 22.
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Illustration 21: Concept 1, module mounted (right) and unmounted (left).



Module 2

The quickly interchangeable module (2) houses all electronics, the battery and either the 

ND-filter or the EWOD filter, depending on which functionality the user needs. It is attached 

by clamping the elongated part into module 1, see Illustration 23.
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Illustration 22: Clamping mechanism for module 1.

Illustration 23: Module 2 attached (left) and module 2 separate (right)



7.2.3 Concept 3 – Tri-module

The third concept separates the functionality of the accessory into three modules in an 

attempt to improve usability for users who want both filter types.

Module 1

The first module lacks any electronics or moving parts and replaces the original camera lens 

cover. It is meant to always be attached with the purpose of providing a flat surface against 

which other modules can achieve watertight sealing, see Illustration 24.

Module 2

The second module consists of a base that contains all electronics required for operating the

EWOD- and ND-filter. This includes a Bluetooth module, battery, charging circuit, voltage 

regulator, and all circuitry required for the proper functioning of the filters. This module can 

quickly be removed without using tools and is only meant to be attached when the user 

wishes to access the water repellent or ND-filter functionality. See Illustration25.
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Illustration 24: Module 1, attached (right) and detached (left).



The camera is attached by tightening the knob at the back of the base. Doing that will 

squeeze the three modules together along one axis, resulting in a watertight seal at the filter 

location.

Module 3

The third module consists of the filter (ND or EWOD) and contains no electronic 

components. It is meant to function by connecting to a port on module 2 which will provide it 

with the necessary power and control signal. See Illustration 26.
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Illustration 26: Iso view of filter-module in third concept.

Illustration 25: Module 2 viewed from front and back.



7.3 Concept Evaluation

The purpose of evaluating the concepts is to determine which direction is the most promising

with respect to the pre-study results, and the wishes of Top Notch Design. 

7.3.1 SWOT – Analysis

A SWOT-analysis has been conducted to facilitate efficient comparison by understanding the

Strengths, Weaknesses, Opportunities and Threats that each concept presents. The 

strengths and weaknesses are internal characteristics of the concept, thus deemed to be 

controllable by the designer. Conversely, opportunities and threats are elements largely 

dependent on external factors, and are therefore difficult to control. See Illustration 27 for 

visualization of the SWOT-analysis structure.

 Illustration 27: SWOT - analysis structure overview

Below the most prominent strengths, weaknesses, opportunities and threats for each 

concept have been listed. For the complete SWOT-analysis please see Appendix J. 

Concept 1 – Single-module

Strengths

● Low usage complexity

Weaknesses

● Removal and swapping requires tools

Opportunities

● Better target user segments by using different design language for the different 

versions

Threats
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● No brand cohesion is achieved due to the different versions having few 

commonalities

Concept 2 – Dual-module

Strengths

● Quick detachment and swapping of the filter module

Weaknesses

● The lack of shared electronic components between the EWOD- and ND-filter version 

of module 2, leads to a higher price for users wishing to have both functions as they 

will be paying twice for several components (battery, charging circuit etc.)

Opportunities

● The product could become a platform which allows third parties to develop filters for it

Threats

● Users will lose the detachable modules

Concept 3 – Tri-module

Strengths

● The semi-permanent module (1) interferes very little with the camera functionality by 

being small, lightweight and having no moving parts

Weaknesses

● Requires a data and power link between module 2 and 3

Opportunities

● The product could become a platform which allows third party filters

Threats

● Users will find the process for setting up the product too complex

7.3.2 Pugh Matrix Analysis

Pugh Matrix Analysis (PMA) is a way of evaluating and prioritizing concepts in a structured 

and objective way, rather than relying on pure gut feel. It can be used as a risk management 

tool, not only to evaluate concepts against each other, but also to refine and formulate 

superior alternatives. (Silverstein, Samuel, and DeCarlo 2013, 212)

Method

The first step of PMA implementation is to determine a baseline. Since there are no similar 

products on the market one of the concepts will be used for this purpose. 

The next step is to define the evaluation criteria, each of which will constitute a row in the 

matrix. In this work the criteria will be reformulations of the requirements and guidelines 

specified in the requirement specification section. The importance of each criteria will be 
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accounted for by adding a weight in the adjacent column. Those criteria which are difficult to 

evaluate without having done the design specification will be excluded.

The final step is to rank each of the concepts against the baseline concept. If the 

characteristic of the compared concept ranks better than the baseline the cell is marked with 

a “+”, if worse it is marked with a “-”, if there is no discernible difference it is marked with an 

“S”. These signs each have the values 1, -1 and 0 respectively. Each row’s value is 

subsequently multiplied by that rows weight in order to calculate a total weighted score sum 

for each concept. 

Based on the weighted score it will be possible to determine which concept shows the 

greatest promise of fulfilling the specified criteria. The analysis will also clarify which parts of 

the different concepts are desirable, potentially enabling the creation of a new superior 

concept. 

Implementation

Concept 2 is chosen as the baseline for the analysis as it constitutes a middle ground with 

respect to complexity among the concepts. 

The weights have been chosen to indicate the perceived importance of the criteria based on 

the findings of the pre-study and the SWOT analysis. 
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Expectation Weight Concept

(1-5) 2 1 3

Be self-explanatory in how to setup and use the accessory 1 B
A
S
E
L
I
N
E

+ -

Have low weight 3 + -

Quick removal of filters 5 - S

Have reliable waterproofing 5 S S

Should not diminish the camera’s usability when filter is 
not attached

4 - +

Be durable 4 + +

Total + 3 2

Total - 2 2

Total Score 1 0

Weighted + 8 8

Weighted - 9 4

Weighted Total Score -1 4

7.3.3 Concept Selection

After taking the results of the Pugh-Matrix into account and discussing different possibilities 

with Top Notch Design, the technical concept to move forward with was selected to be a 

modified version of concept 3, see Illustration 28.  
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The most significant change made to the original concept 3 is the removal of the front plastic

part in the original concept 3, see Illustration 29.

In the new version, the filter has instead been made thicker and given snap attachments on 

the side to clamp onto the base. This design change reduces the complexity of the base in 

order to improve manufacturability. 
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Illustration 28: Updated version of concept 3.

Illustration 29: Original tri-module concept, replaced part marked in red.



8 Design Refinement
With the concept selected it is now necessary to define the design further in functionality, 

manufacturability and aesthetics. 

8.1 Aesthetics

The look of a product is of critical importance to consumer response. Consumers may use a 

specific product design to derive aesthetic pleasure from it, communicate their identity  

(Mugge, Govers, and Schoormans 2009) and/or prompt inferences about a product’s 

functional attributes. (Bloch 1995, 16–29; Creusen and Schoormans 2005, 63–81)

As the stylistic preferences were difficult to discern during the user study, an analysis of 

prominent brands in respective area has been conducted, see Appendix D. The purpose of 

the study was to get a better understanding of the visual language used to market towards 

the different investigated segments. 

8.1.1 Design Cues

Design cues can come in the form of specific shapes, colors, materials or textures and can 

lead users to make inferences about the quality and performance of a product (Mugge 

2013). Design cues can also be used as a way of creating strategic brand identification 

through familiarity. (Herm and Möller 2014)

In this work design cues will be used to emphasize great performance, as well as create 

strong product recognizability. These are the attributes the design will aim at emphasizing, 

as per the results of the pre-study:

● The product is effective at removing water droplets
● The product is effective at controlling the light intake
● The product is lightweight

An attempt will also be made at appealing to the surfer and snowboarding segment by 

making the product look dynamic.

Colors

The droplet removal and light controlling functionality is assumed to be connected to the filter

module in the mind of the user, as that is where the functionality visibly manifests itself. A 

design that emphasizes this area should therefore also help in increasing its perceived 

performance in the mind of the user.

Stark colors will be used to emphasize this area, something that has an association with high

performance from the sport cars industry. Bright colors will also allow the device to be easily 

located in snow, as suggested in the user interviews.
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Implementing this design cue is particularly easy since it does not require any change in the 

products geometry or functionality. 

 

An additional use of the frame color will be to differentiate the two filter types. Orange will be 

used for the ND-filter module and turquoise for the EWOD filter. This choice is made 

because of the colors association to sunshine (light) and water respectively, see Illustration

31.

The base module will be black in order to look aesthetically pleasing regardless of which 

color the filter module has, see Illustration 32. Having the base in a neutral color will also 

give more choice to potential future filter modules, allowing for a wide spectrum of colors that

will match well when attached to the base.
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Illustration 30: Brightly colored sport cars, Ferrari (left) McLaren 570S (right).

Illustration 31: EWOD module in turquoise and ND-module in stark orange.



Illustration 32: Base module in black color.   

Patterned Cutouts in the Snap-around Body

By having a design that is visibly efficient with respect to the amount of material used, it is 

possible to signal to users that the product is lightweight.

A way to do this is to use patterned cutouts in places where there is more material than 

necessary for the required durability. Even if the weight loss achieved by the patterned 

cutouts ends up being trivial, it will create the impression of weight having been minimized 

wherever possible. See Illustration 33.

Illustration 33: Patterned cutout seen from side.
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The patterned cutout could also be transferred to future iterations of the product, thereby 

creating brand cohesion. 

Diagonal Lines

In photography diagonal lines are often used to create dynamic photographs with a sense of 

movement (Turner, 2017). In this work diagonal lines will be implemented in an attempt at 

achieving a similar effect. The attempted dynamicity of the product will hopefully resonate 

with the surfer and snowboarding segment, where there was a lot of focus on movement and

action in related marketing material (see style samples in Appendix D). 

Illustration 34: Main diagonal lines present in the products side view.

 

8.2 Design for Manufacturing

Designing the product in a way that is manufacturable in massive quantities at a reasonable 

cost is crucial for its success. While the final design will need further detailing and 

adjustments before manufacturing, this section goes through the design considerations 

taken to make sure that such a future step is possible. 

8.2.1 Material Selection

Material selection in this project has been done using CES EduPack (Granta Design Limited,

2016). The limits used to narrow the set of possible materials were derived from the 

requirement specification. The following parameters were used:

● Resistance to saltwater: excellent
● Max. service temperature: 80oC
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● Min. service temperature: -10oC
● Suitable for polymer injection molding: excellent
● Water (fresh) resistance: excellent
● Water (salt) resistance: excellent
● UV resistance (sunlight): good or excellent
● Recyclable: Yes
● RoHS (EU) compliant: Yes

After applying these limitations to the available polymer plastics, only one material remained:

Polypropylene (PP) (impact copolymer, UV stabilized).

Impact modified and UV stabilized PP has a wide array of applications such as automotive, 

medical, luggage manufacturing and many more. The impact resistance of this plastic has 

been improved by adding 10-20% impact modifier. The complete material specifications can 

be found in Appendix L. 

8.2.2 Injection Molding Parting Lines

The plastic parts of the product will be injection molded which means that each part needs to

have surfaces of mold separation. In cases where there are holes or cutouts in the part that 

cannot be incorporated into the main mold, slider cores will be used to create these 

geometries, see Illustration 35. 

Illustration 35: Example of injection molding using a slider core (in blue).  

Below a series of illustrations are presented showing the mold parting lines for the more 

complex parts. Parting lines are shown in red and green. 
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Base Module Bottom

Base module bottom part. Sliced side view (left), sliced front view (right).

Base Module Top

Base module top part. Sliced side view (left), sliced front view (right).
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Filter Module Front

Screw Knob
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Lens Cover

8.2.3 EWOD Filter

The questions of which material and layer thicknesses are optimal for sequentially controlled

EWOD have not been investigated due to requiring resources and time outside of the scope 

of this project. Despite this it is possible to give some assurance about the mass 

manufacturability of the method. 

If we use the paper of K. Y. Lee as a starting point and investigate the layer composition they

used, see Illustration 36, we find that most of the layers can be created through processes 

common in mass manufacturing. 

Illustration 36: Layer configuration and thicknesses used by K. Y. Lee et al. in 

removing pendant and sessile water droplets.

58



 

Parylene-C

Parylene-C is widely used as protection for circuit boards in harsh environments. During the 

application process material is vaporized and then conformally settled onto the part. The 

process can be used on several parts simultaneously, making mass manufacturing possible. 

See Appendix K for information on the deposition process of parylene-C. 

Indium Tin Oxide

Indium tin oxide (ITO) is today used in projected capacitive touch screens in order to create 

the electrode pattern necessary to detect touch (J. Lee et al. 2014). This gives a large 

amount of certainty in the compatibility of ITO electrodes for EWOD, and mass 

manufacturing. 

Teflon Layer

In both voltage pulse EWOD (S. J. Lee et al. 2014) and sequentially controlled EWOD (K. Y. 

Lee et al. 2016) the hydrophobic layer used was made out of Teflon. 

For mass manufacturing the spin coating used in research would likely have to be 

substituted to a vapor deposition based technique that would allow for faster application. It is

unclear if such a technique could provide a sufficiently smooth and thin Teflon layer for low 

voltage EWOD, thus the topic is left open to further investigation. 

8.2.4 Electronics

The electronics required for operating the action camera accessory will in many ways be 

similar to those inside SKUGGA eyewear, the smart self shading eyewear developed by Top 

Notch Design, see Illustration 36. The liquid crystal shading technology used in the ND-filter 

is similar to that in the SKUGGA glasses. 

Illustration 36. SKUGGA smart glasses with self tinting glass developed by Top Notch 

Design. 
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While the design of the electronics falls outside the scope of this project, the similarity in 

functionality allows for some certainty about the allocated space inside the plastic housing 

being sufficiently large. 

See Illustration 37 for size comparison between the PCB area of the SKUGGA and that 

allocated for the PCB in this project.

There are several functionalities included in the SKUGGA circuit board that will not be 

necessary in the camera accessory, such as wireless charging and an UV sensor. Likewise 

the circuit of the accessory will include things that are not in SKUGGA, the primary new 

function being sequential high voltage control of the EWOD filter.  Assuming that the traded 

functionalities occupy approximately the same amount of area, it should be possible to fit the

necessary components in the allocated space. 

8.3 Design for Assembly

An important consideration in the assembly process will be to assure watertight sealing in 

places where electronic components are housed. Other important considerations are speed 

of assembly, and easy disassembly for recycling purposes. 

8.3.1 Filter Module

The front and back part of the filter module are connected using snap-fits due to the limited 

space not allowing for screw placement. To make the casing seal tight against the glass 

substrate, a water resistant adhesive will be added. See Illustration 38 for an exploded view 

of the filter module.

The sealing ring at the back of the filter module will be fixed into its corresponding cutout 

using adhesives. 
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Illustration 37: Size of the PCB in SKUGGA eyewear (left), size of PCB in the 

accessory (right).



Illustration 38: Exploded view of parts in filter module assembly.

8.3.2 Base Module

The main step in the assembly of the base module will be the joining of the base module top

(see n.1 in Illustration 39) and base module bottom (n.13). These two parts will be connected

using six screws with one rubber strip in between for watertight sealing (n.2). By having the 

screws attach from the top they will be hidden when the action camera is mounted, making 

for a better looking product. 

The circuit board will be placed inside the housing alongside the battery and necessary I/O 

ports. For integration of the female filter connection (n. 5) without breaking the watertight 

sealing, press-fitting and adhesives will be used.

The charging port of the device will not lead directly into the housing, but will instead reveal 

the necessary electrodes in an isolated chamber. As an extra measure a rubber hatch (n.12)

has been added in order to keep water out.
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Illustration 39: Exploded view of base module assembly.

8.3.3 Lens Cover Module

The lens cover consists of only two parts. It is assembled by fitting a laser cut piece of glass 

into the molded cover frame. Adhesives will be used to keep the glass in place, the same 

way as in the original GoPro Hero 5 Session lens cover. It will be attached to the camera 

using the six screws that come with the original lens cover, see Illustration 40.

Illustration 40: Original lens cover of GoPro Hero 5 Session camera and included 

screws.
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9 Final Product
The final design is the result of an attempt at integrating the requirements set by users and 

technology, into a functional and aesthetically pleasing product. 

9.1 Basic Appearance 

The appearance of the final design aims at making it clear that each separate module 

constitutes a part of the same product. 

9.1.1 Complete Assembly

When all modules are attached and the GoPro is mounted, the product looks as seen in 

Illustration 41-43.

Illustration 41: Isometric-view of complete assembly with EWOD filter.
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Illustration 42: Side-view (left) and front view (right) of complete assembly.

 

Illustration 43: Iso-view back, without camera mounted.
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An attempt has been made at relating the different parts to each other by having lines that 

follow through between the modules. This is seen in how the side-lines of the ND-filter 

module continue through into the base module when seen from the front in Illustration 42. 

9.1.2 Base Module

The majority of the surfaces in the base module are rounded, with the exception of those 

where other parts are meant to connect, see Illustration 44, 45. This contrast has 

purposefully been created in order to signal to users how to connect the different parts. 

Illustration 44: Base module, isometric-view.   
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Illustration 45: Base module, isometric-view from bottom.
  

At the front of the base module a small cutout has been added for a light sensor. The sensor 

is necessary for automatically adjusting the shading level of the ND-filter, see Illustration 46. 

In order to keep the housing waterproof, the opening is plugged by a piece of clear 

polycarbonate (PC). 

Illustration 46: Opening in the front of the base module for the light sensor.

9.1.3 Filter Module

The filter module for EWOD and the ND-filter have the same geometry but different colors to 

differentiate themselves, see Illustration 47. In order stay out of the action camera's field-of-

view the front area has been made larger than that of the action camera. 
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At the sides of the module there are round holes which act as attachment points for the 

snap-fits on the base module. The connector of the module which relays the signal and 

power necessary for controlling the filter, is attached to the back as seen in Illustration 48. 

Illustration 48: ND-filter module with male connector visible at bottom.
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Illustration 47: EWOD filter module (left) and ND-filter module (right).



9.1.4 Lens Cover

The lens cover is to a large degree identical to the default GoPro Session cover. The major 

change is the widened edge to allow for watertight sealing against the filter module. See 

Illustration 49.

 

Illustration 49: Lens cover mounted on camera (left), lens cover only (right).

 

9.2 Operation

The ways in which users interact with the device have been designed with the aim of 

creating an experience that feels intuitive, and does not require extensive instructions. 

9.2.1 Inputs and Outputs

In order to simplify the operation of the device all physical controls have been delegated to 

one button, see Illustration 50. This one button has two modes of operation: quick press, and

long press. Pressing the button quickly turns the camera on/off, while holding the button 

down for a short period will put it in Bluetooth discovery mode. When in discovery mode the 

user can pair their phone with the filter, allowing for adjustment of ND-filter settings through 

an app. 

While the filter modules designed in this project could potentially have been made operable 

without Bluetooth, the capability has been included at the request of Top Notch Design to 

assure compatibility with potential future filter modules. This also helps in framing the 

accessory as a platform, rather than a single product. 
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Illustration 50: Button for operating the accessory with multicolor LED below.

  

Below the button a multicolor LED (see Illustration 50) has been placed in order to signal the

state of the device to the user. The following color-state combinations can be signaled 

through the LED:

● No light when turned off
● Green light when turned on
● Red light when low on battery
● Blue light when in Bluetooth pairing mode
● Red light when charging
● Green light when charge is complete

For charging and potential firmware updates a USB type-C port has been added on the 

opposite side of the button. To keep the unit waterproof a rubber hatch is press-fitted into a 

cutout around the port, see Illustration 51.  
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Illustration 51: USB-C port and rubber hatch for water proofing, open (right) and 

closed (left).



9.2.2 Accessory Mounting

There are three separate steps to mounting the accessory onto the action camera. The 

steps do not necessarily need to be executed in the order presented here.

Lens Cover Attachment

The lens cover module replaces the original lens cover of the GoPro, attaching using the 

same six screws, see Illustration 52. 

Illustration 52: Attachment procedure for the lens cover module.

  

This step is only meant to be executed once as the lens cover can stay on without interfering

with the standard functionality of the GoPro. 

Filter Attachment

The attachment procedure of the filter module stays the same regardless of the filter type. To

attach the filter the user slides the male connector into the port on the base module. As this 

is done the snap-fits of the base module lock in place and keep the filter secured, see 

Illustration 53.
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Illustration 53: Attachment direction of filter indicated by red arrow.

Camera Mounting

Before mounting the action camera the user has to already have the new lens cover 

attached. Once that is done, the camera can be mounted by insertion from the top, followed 

by tightening of the back screw knob, see Illustrations 54, 55. 
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Illustration 54: GoPro being mounted into the accessory by insertion from top.
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Illustration 55: Screw knob on the back being tightened.



Once the knob is sufficiently tightened it snaps into a geometric lock to avoid loosening, see 

Illustration 56.  

9.2.3 Filter Control

With the limited physical inputs available on the device, filters that require more than a binary

mode of operation need to delegate some controls to the smartphone app through 

Bluetooth. 

ND-filter module

The ND-filter module can be operated in one of three modes, automatic, fixed step or fixed 

light throughput. 

When in automatic mode the ND-filter will darken itself once the light sensor reading goes 

over a predefined value. This predefined value will be based on the upper threshold of 

exposure (amount of light hitting the sensor) that the GoPro camera can handle before the 

video quality starts to degrade. When used in this mode the ND-filter module aims at 

optimizing the exposure, without changing the look of the image.

When in fixed step mode the ND-filter will shade itself to a level defined by the user, and stay

that way regardless of the brightness indicated by the light sensor. In this mode the module 

acts as a substitute for classical fixed step ND-filters. 

Finally, when in fixed light throughput mode, the module will adjust its shading to keep the 

amount of light hitting the camera sensor constant. Unlike in the automatic mode, the user 

will here be able to set the level of light throughput he wishes the filter to maintain. 
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Illustration 56: Geometric lock on screw knob (outlined in red).



EWOD filter module

The EWOD filter only requires binary controls and can therefore be operated by using the 

button on the device. It is turned on when the user wishes to activate droplet removal, and 

off when not in use.
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10 Evaluation
The final design fulfill its intended function through a modular system that allows for 

customization of functionality as to best serve the varying preferences of the investigated 

user segments. 

The level of effectiveness of the water repellant module needs further investigation, but 

nothing in previously conducted research suggest there being any insurmountable obstacles.

To improve manufacturability some design changes would need to be implemented, but no 

major changes to the look or modular structure of the product would be necessary.

10.1 Prototype

With the purpose of testing the mounting mechanism a prototype was created, see 

Illustrations 57–59. 
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Illustration 57: Assembled prototype mounted on GoPro stand.



  

The prototype did illuminate some previously unnoticed problems with the design, most of 

which were confined to minor inaccuracies easily adjustable in a second run. The most 

significant error encountered was that of the camera not being able to leave the accessory 

without unlocking the snap-fits. But this problem too could be fixed in a subsequent version 

by modifying the 3D model slightly.
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Illustration 58: Assembled prototype, iso-view back and front. 

Illustration 59: Filter only (left), lens cover mounted on camera (right).



10.2 Criteria Specification

An evaluation against the criteria specified by Top Notch Design has been conducted. The 

criteria which are unambiguously fulfilled in the proposed final design have been excluded 

from the evaluation. 

10.2.1 Effectiveness of Water Removal

Due to not having a functional prototype, the viability of sequentially controlled EWOD as a 

method for removing water cannot be guaranteed, but the large body of research showing 

EWOD as a viable way of actuating water droplets leaves little doubt that it is possible. (S. J.

Lee et al. 2014; Sung Kwon Cho et al. 2003; Yong Lee et al. 2017; Mugele and Baret 2005; 

‘t Mannetje et al. 2011)

In work done on electrowetting in microfluidics, the demand on the type of droplet control 

exerted have been much higher than in the current work. When creating a lab-on-a-chip 

device the system should be able to do complex operations such as moving droplets to 

precise coordinates, merging and cutting (Sung Kwon Cho et al. 2003). In the context of the 

camera accessory on the other hand, there is only one mode of operation required, that of 

moving droplets along the surface in one direction. 

The largest uncertainty when applying sequentially controlled EWOD in the context of this 

work has been whether or not a sufficiently large voltage could be created. The voltage level 

deemed necessary was 40VDC, per results of Yong Lee et al. 2017. In their paper most 

water droplets were shown to roll-off at this voltage, even when the angle between the plane 

and vector of gravity was close to zero. While there has been other research showing 

voltages as low as 15V actuating droplets, 40V was chosen due to the extremely thin layers 

needed for anything below that (Moon et al. 2002).

Considering the low current usage of EWOD (K. Y. Lee et al. 2016; Junghoon Lee, Lee, and 

Kim 2000), and that other handheld gadgets such as personal alarms often exceed 40V, it is 

possible to say with reasonable certainty that EWOD is integratabtle into a camera 

accessory with a design as specified in this work. 

The level of effectiveness of sequentially controlled EWOD in removing water droplets would

have to be evaluated through the creation of a functional prototype, something that proved to

be outside the scope of this work (see delimitations). 

10.2.2 Durability

The lack of moving components improves the product’s resistance to shocks, and the use of 

impact modified PP should allow for the casing to be sufficiently impact resistant to match 

the durability of the camera. 

The wall thickness in the injection molded pieces has been set to 2-3mm in nearly all places.

According to Stratasys injection molding guidelines this is the upper limit before one risks 

warping and other defects, see Appendix O. The only place where the wall thickness is less 

than that is in the snap-fits located in the upper part of the base. There the thickness of the 
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plastic is 1.5 mm in order to accommodate the flex necessary for proper functioning of the 

snap-fits.  

Despite the lowered thickness, the piece is deemed sufficiently strong due to the stabilizing 

tension that the part is subjected to when the camera is mounted, see Illustration 60. 

Illustration 60: Direction of tension inside snap-fit illustrated with red arrows.

 

The tension is created when the screw knob at the back of the housing is tightened and the 

camera is pressed against the filter module. Using the yield-strength of impact and UV 

modified Polypropylene, we can calculate the maximum allowed force in this direction as 

follows where A is the cross-section area of the two snap-fits, and σy is the yield-strength of 

impact modified Polypropylene:

Illustration 61: Snap-fits cross section.   

σy=23.6*106 Pa

A= 2*(17.35*10-3)*(1.5*10-3)=5.205*10-5 m2

Fmax=σy*A=1228.38 N

The resulting maximal force that the snap-fits will hold for is well within the expected range of

forces created when fastening the camera and during use. Even when taking a safety factor 

of two (SF=2) into the equation, the force is not expected to be exceeded. 
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10.2.3 Working Temperature

The design should be able to withstand the temperature range of -100C to 500C. As can be 

seen in Appendix L, the material chosen (PP, impact modified, UV resistant) can operate in 

this temperature range without problems, meaning that the main housing should be 

sufficiently thermo-resistant.

One of the most temperature sensitive components in the design is the Li-Ion battery. The 

European Association for Advanced Rechargeable Batteries has concluded that Li-Ions can 

discharge safely between approximately -200C and 600C, meaning that this component 

fulfills the working temperature requirement as well. See conclusion section in Appendix M.

10.2.4 Weight

By using CAD software (Inventor Professional 2017) it was possible to get a precise volume 

for the plastic parts of the product, which turned out to be 37500 mm^3. 

A battery of 180mAh capacity was measured to weigh 11.2g, and the glass of the filter 

module would weigh approximately 8g (calculated through Inventor Professional 2017 using 

lime-glass as material).

With a known density of impact modified and UV treated PP of about 904kg/m^3 (see 

Appendix L), the total mass of the product would be approximately:

m=11.2 + 8 + 908*3.75*10^-2=53.1g

This means that the product follows the set guidelines by weighing less than the GoPro Hero

5 Session camera, which weighs 75g. 

10.2.5 Noise

The lack of mechanically moving components makes the system completely silent, thus it 

will not be interfering with the audio capture of the camera. 

10.2.6 Battery Life

With the current state of Li-Ion battery technology a unit sufficiently small to fit in the housing

(see Illustration 62) could hold approximately 180mAh. 
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While the energy consumption of the system cannot be specified due to not having a 

functional prototype, it can be assumed to be sufficiently low to meet the battery life 

requirement of 1.5 hours. 

The average current consumption of SKUGGA eyewear which uses what would be a similar 

circuit board is approximately 9mA according to Top Notch Design. Driving the EWOD filter 

which is the major added feature would not require a lot of energy either. 

By setting the battery capacity to 180mAh it is possible to calculate the maximum current 

consumption which would still meet the battery life requirement of 1.5 hours:

I=180mAh/1.5h=120mA

Assuming that the operation of the filter with the exception of EWOD requires 9mA this 

would leave

Iе =120-9=111mA

for operating the EWOD filter.

With a driving voltage of 3.7V (standard for Li-Ion batteries) this would mean an effect of

P =111*3.7=410,7mW

Junghoon Lee et al. show in their paper that they were able to move liquid metal droplets at 

a speed of 40mm/s in a loop, using only 10-100μW of power (Junghoon Lee, Lee, and 

Kim 2000). Assuming that the power consumption of EWOD moving water droplets is 

similar, 410,7mW should be more than sufficient.
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Illustration 62: Space allocated for battery in the camera accessory (left), Li-Ion 

battery with a capacity of 180mAh with dimensions 18x18x8 [mm].
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10.2.7 Waterproofing

Without creating a functional prototype it is difficult to evaluate the degree to which the 

product design could be waterproofed, therefore it is not possible to say whether or not it 

would fulfill the IP7 certification requirements. Despite this there are several design 

considerations made with the purpose of making such certification easier. 

All sealing rings have been placed orthogonally to the clamping force in order to achieve 

maximum tightness. Likewise, the I/O ports have been designed as separate compartments 

from the electronics housing. This means that even in the case of the USB hatch being open

and the filter module unplugged, water will not enter inside the base. 

10.3 Sustainability

A life cycle analysis (LCA) has been created in order to evaluate the CO2 production and 

energy consumption that the proposed design would contribute to over its life, see Appendix 

N. The tool used in the creation of the LCA was Eco Audit, available in CES EduPack 2016. 

The material parameters used in the analysis attempt to convey a realistic scenario for the 

amount of recycled material used in manufacturing. For the components that have been 

joined through adhesion, combustion for energy extraction has been set as the end of life 

procedure. This choice is made in order to evaluate a possible worst case recycling 

scenario. In reality the adhesion assembled Polypropylene component in the filter module 

are likely to also be recyclable.

For evaluating the energy and CO2 consumed throughout the life of the product, a user 

persona was created. The persona is an enthusiast who brings the accessory with himself 

100 days out of the year, using it 3 hours each of those days. The accessory also travels an 

average of 160 km 100 days out of the year in a gasoline powered car. The product lifespan 

was approximated to 4 years.

Transportation of the product has been limited to only account for sea freight from the port of

Shenzhen to Stockholm (approximated distance 17000km). Shipping to customers has been

excluded from the calculation as it is difficult to estimate the distance shipped. The complete 

parameters as well as a more in-depth breakdown of the resulting data can be found in 

Appendix N.
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As can be seen from Illustration 63 the material extraction phase has the largest impact on 

both CO2 and energy consumption, despite the frequent-usage persona that was employed 

in the analysis. At the end of the product's lifespan (4 years) a relatively small number of 

CO2 and energy is compensated through recycling and combustion (approximately, 0.94MJ 

of energy and 18g of CO2). 

10.4 Manufacturing Cost

Unknown factors that could greatly impact the cost of the product are:

● Injection mold-design
● Pilot run unit quantity
● Manufacturing techniques used for EWOD filter
● Component selection for circuitry
● Layer number and trace thicknesses in PCB

While the primary materials used in manufacturing are inexpensive, little can be said about 

the final cost of manufacturing the product.
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Illustration 63: Eco Audit Summary of CO2 and energy consumption breakdown 

between the stages of the products life.



11Discussion
The work has shown that it is indeed possible to develop an action camera accessory that 

can remove water droplets and modulate light intake. However, the droplet removing 

functionality requires further research in order to optimize layer configurations and specify 

suitable manufacturing processes. A number of parameters that are important for simplifying 

integration of said technology have been specified.

While the current work has focused on integrating EWOD in a specific context, the potential 

of EWOD in consumer grade devices exceeds that of action cameras. With further 

development and optimization, one can imagine many areas where removing droplets would

be greatly beneficial. Wiper-less windshields and self-cleaning windows are two simple 

examples that have the potential to influence large industries. Continued investigation of 

electrowetting in the context of consumer devices has the potential to commoditize a 

technology that is mainly used in research today. 

11.1 Challenges and Approaches

Action cameras were shown to be an especially demanding context to work within, putting 

great demands on both durability and available space. 

11.1.1 Defining and Investigating User Segments

One of the major challenges in conducting the work was the large number of user segments 

that could potentially benefit from the proposed accessory. The potential user base included 

all owners of GoPro action cameras, as well as those to whom the user base could be 

expanded by solving the problems of too strong sunlight and droplets. Investigating all 

segments would have been impossible with the resources and time allocated. 

The number of investigated segments was narrowed by limiting the search for user 

segments to the already established GoPro user base. From there, segments were selected 

by reasoning around who would benefit the most from the proposed functionality. The final 

step was to investigate channels of outreach and exclude those segments where data 

gathering would be difficult. 

This method worked well for defining and narrowing the number of investigated segments, 

but during subsequent investigation one previously unaccounted for problem emerged. It 

was shown that while all user segments would indeed benefit from the proposed product, no 

common preference around aesthetics could be determined. This was dealt with by 

highlighting performance and dynamicity with the design, an assumed common denominator

in user preference among all segments. 

User Survey

Employing surveys worked well for initial data gathering and testing the validity of the 

problem. It was also an efficient way of learning about the solutions currently practiced. The 
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discovered difference in functionality preference between the user segments (droplet 

removal or ND-filter) ended up informing the modular structure of the final design. 

Many questions in the survey were designed to be answered in free-text to avoid steering 

responses by providing ready-made choices. To improve data readability of the free-text 

responses a certain amount of data post-processing has been employed, lumping different 

wordings of the same sentiment together. An example of this is how the answers “poor 

framing”, and “camera pointing at wrong angle” have both been gathered under the answer 

“Poor framing” when presenting results.

User Interviews

Questions that required more detailed answers were investigated through semi-structured 

interviews, which lended themselves well to longform answers. This method worked well for 

gathering insights about user segments preferences. It also helped uncover some previously

not considered requirements, such as bright colors for easy identification in snow. 

A question to which the interview format did not yield meaningful results was regarding 

design preference. All interviewees stated that they prioritized performance, and cared little 

for the aesthetics of the product. This could indeed be true for the small number of people 

investigated, but seems unlikely to be transferable to the larger population of respective 

segment. 

The conclusion of this work is that the semi-structured interview format is not ideal for 

investigating question around aesthetic preferences. The recommended alternative route for 

future work is to employ contextual interviews, where users can pick favorites between 

various models and explain why they made that choice. A reason for not employing 

contextual interviews in this work was difficulty in finding participants that were available for 

physical meetings. 

11.1.2 Concept Selection

When deciding which concept to move forward with, a SWOT-analysis was made for each 

proposal. This turned out to be an effective way of visualizing the pros and cons of each 

concept, but no final decision could be made based solely on the SWOT. 

For quantitative comparison of the different concepts, a weighted Pugh Matrix Analysis 

(PMA) was made. Using concept 2 as the baseline worked well as it presented a moderate 

approach in terms of complexity, an overarching attribute of the design. The greatest 

challenge when creating the PMA was assigning the correct weights to each criteria. Doing 

this required continuously going back to the complete set of criteria and controlling if the 

weight was set correctly when taking the larger picture into consideration. The results of the 

SWOT and PMA ended up informing a number of the changes that were made to concept 3 

before the design refinement stage. 
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11.1.3 Constraints of Accessory Design

As result of designing towards an already existing product, a number of constraint were 

encountered that are not commonly present when designing from the ground up. This 

included limitations on the shape of the accessory, as well as limitations on the aesthetics. 

This is not to say that there are no constraint when one is designing a product from the 

ground up. The designer still has to take a number of aspects into account such as usage 

context, physical and cognitive ability of the targeted user segment, and strategic decisions 

from management. Despite this those are mostly malleable requirements, which can be 

negotiated in order to achieve an optimal compromise. When designing an accessory for a 

product already on the market this is not the case. 

11.1.4 Lacking Resources for EWOD Development

A major difficulty was the high cost of developing EWOD technology. The machines required 

for creating samples with sufficient precision were not available with the resources allocated.

An attempt at circumventing this limitation was made by manufacturing samples with lower 

precision, and without the hydrophobic layer. During preliminary testing the change in 

contact angle of droplets was insufficient to detach them, and future experiments were 

therefore suspended.

11.1.5 Assuring Sustainability

By conducting a Life Cycle Analysis (LCA) the environmental impact of the product with 

respect to CO2 emissions and energy consumption has been approximated. The analysis 

showed that the material extraction phase has the greatest impact on CO2 emissions and 

energy consumption. Consequently, any future efforts directed at reducing the environmental

impact of the product should start by closely investigating possible optimizations to the 

material extraction phase.

To put the data into perspective, one could compare the CO2 emissions and energy 

consumption to other consumer gadgets on the market. The reason this has not been done 

is that it requires extensive access to information about the production of a product, 

something that is difficult to obtain due to company confidentiality.

During material selection a hard requirement on RoHS compliance was added. This means 

that the selected Polypropylene will not do toxic harm if the device should get lost in nature. 

11.2 Electrowetting in Lens Covers

Little previous research has been done around the implementation of electrowetting on 

dielectric (EWOD) in consumer devices with the explicit purpose of droplet removal. More 

common uses of the phenomena include lab-on-a-chip systems in microbiology, adjustable 

lenses and e-ink displays (Mugele and Baret 2005). The research closest to the current work

is that of Kang Yong Lee et al. titled Smart Self-Cleaning Cover Glass for Automotive 

Miniature Cameras” in 2016 IEEE 29th International Conference on Micro Electro 

Mechanical Systems (MEMS).
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The K. Y. Lee paper details the layer composition and experimental setup they used in order 

to achieve droplet movement. The current work complements theirs by providing a 

comparison between different methods, and evaluating them within the context of a portable 

consumer product. The parameters required for lowering the actuation voltage of droplets 

have also been summarized. A low activation voltage would simplify the implementation of 

EWOD in battery powered portable systems. The failure to produce a working test sample 

using low precision machinery can be an instructive lesson to future researchers about the 

importance of high layer precision. 

11.3 Future Work

Current work can only conclude that EWOD is a suitable method for achieving the desired 

functionality by referring to previously conducted research. While many aspects that could 

present an obstacle to the integration of EWOD have been investigated and found 

satisfactory, further research is still required. 

Also, the final design of the product needs further refinement before waterproofing, 

manufacturing cost and battery life can be evaluated properly. 
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Appendix A 
Survey question used towards the different user segments 

Surfers 
1. Name one common source of bad image quality when recording surfing sessions 
2. Have you ever found water drops on the camera lens to be an issue when recording 

surf sessions? 
a. If yes, how do you solve the problem of water on the lens when recording? 

3. Have you ever used a camera filter when recording sessions? 
a. If yes, what type of filter did you use? 

4. Has strong sunlight ever impacted the quality of footage negatively? 
a. If yes, how do you solve the problem of too strong sunlight? 

Snowboarders 
1. Name one common source of bad image quality when recording snowboarding 

sessions 
2. Have you ever found snow/water on the camera lens to be an issue when recording 

sessions? 
a. If yes, how do you solve the problem of snow/water on the lens when 

recording? 
3. Have you ever used a camera filter when recording sessions? 

a. If yes, what type of filter did you use? 
4. Has strong sunlight ever impacted the quality of footage negatively? 

a. If yes, how do you solve the problem of too strong sunlight? 
5. (Optional) Would you be open to discussing potential follow up questions? If so 

please enter your preferred contact email, thank you. 
 

Drone users 
1. Name one common source of bad image quality when capturing drone footage 
2. Have you ever found snow/water on the camera lens to be an issue when recording? 

a. If yes, how do you solve the problem of snow/water on the lens when 
recording? 

3. Have you ever used a camera filter when recording? 
a. If yes, what type of filter did you use? 

4. Has strong sunlight ever impacted the quality of footage negatively? 
a. If yes, how do you solve the problem of too strong sunlight? 

5. (Optional) Would you be open to discussing potential follow up questions? If so 
please enter your preferred contact email, thank you. 



Appendix B 
Survey answers 

1 Drone Photographers 
Number of respondents: 39 
 

1.1 Name one common source of bad image quality when 
capturing drone footage 
Despite asking for one answer many respondents gave multiple. All have been included in 
the table below.  
 

Image problem source Num. of responses that named problem 

Vibrations 6 

Bad signal 5 

Too bright 3 

Propellers showing 2 

Propellers blocking out sunlight 1 

Jello effect 3 

Weather related 3 

Propellers reflecting 1 

Low lightning 2 

Low operator experience 3 

Moire effects 1 

Using incorrect filter 1 

Wind 1 

*Declined to answer 7 

 



1.2 Have you ever found snow/water on the camera lens to be 
an issue when recording? 

● Yes: 20.5% 
● No: 79.5% 

1.3 How do you solve the problem of snow/water on the lens 
when recording? 
 

Solution Num. of responses 

Land and clean 4 

Move gimbal quick to displace water drops 1 

No solution 3 

 

1.4 Have you ever used a camera filter when recording? 
● Yes: 64.1% 
● No: 35.9% 

1.5 What type of filter did you use? 
Multiple responses per respondent were allowed. 
 

Filter type Num. of responses 

ND filter 15 

Polarizing filter 8 

Polarizing ND filter 4 

UV filter 1 

Unspecified 3 

 

1.6 Has strong sunlight ever impacted the quality of footage 
negatively? 

● Yes: 79.5% 



● No: 20.5% 

1.7 How do you solve the problem of too strong sunlight? 
Multiple responses per respondent were allowed. 
 

Solution Num. of responses 

Filter 17 

Lens hood 2 

Adjust camera angle 4 

Adjust camera settings 5 

No solution 4 

 

 
E-mails gathered have been excluded for privacy reasons. 

 

2 Surfers 
Number of respondents: 17 

2.1 Name one common source of bad image quality when 
recording surfing sessions 
Despite asking for one answer many respondents gave multiple. All have been included in 
the table below.  
 

Problem Num. of responses 

Water on lens 5 

Foggy lens 3 

Shaking 2 

Fish eye distortion 2 

Poor framing 2 

Sun glare 1 

Bad surfing 2 



Wax on camera 1 

 

2.2 Have you ever found water drops on the camera lens to be 
an issue when recording surf sessions? 

● Yes: 82.4% 
● No: 17.6% 

2.3 How do you solve the problem of water on the lens when 
recording? 
Multiple responses per respondent were allowed. 
 

Solution Num. of responses 

Apply saliva onto the lens 8 

Use lens coating 3 

Manual removal 2 

No solution 2 

 

2.4 Have you ever used a camera filter when recording 
sessions? 

● Yes: 0% 
● No: 100% 

2.5 What type of filter did you use? 
No data 

2.6 Has strong sunlight ever impacted the quality of footage 
negatively? 

● Yes: 70.6% 
● No: 29.4% 

 



2.7 How do you solve the problem of too strong sunlight? 
Multiple responses per respondent were allowed. 
 

Solution Num. of responses 

Post editing 2 

Record when sun is low 2 

ND filter 1 

Adjust camera angle 2 

No solution 5 

 

3 Snowboarders 
Number of respondents: 10 

3.1 Name one common source of bad image quality when 
recording snowboarding sessions 
 

Problem Num. of responses 

Stability 3 

Bad lightning 3 

 

3.2 Have you ever found snow/water on the camera lens to be 
an issue when recording sessions? 

● Yes: 80% 
● No: 20% 

 

3.3 How do you solve the problem of snow/water on the lens 
when recording 
Multiple answers per respondent were allowed. 
 



Solution Num. of responses 

Wipe the lens 6 

Use removable filter 5 

 

3.4 Have you ever used a camera filter when recording 
sessions? 

● Yes: 40% 
● No: 60% 

3.5 What type of filter did you use? 
Multiple answers per respondent were allowed. 
 

Filter type Num. of responses 

ND filter 1 

Polarizing filter 1 

UV 3 

IR filter 1 

 

3.6 Has strong sunlight ever impacted the quality of footage 
negatively? 

● Yes: 60% 
● No: 40% 

 

3.7 How do you solve the problem of too strong sunlight? 
Multiple answers per respondent were allowed. 
 

Solution Num. of responses 

No solution 3 

Adjust camera settings 1 



Use ND filter 1 

Use polarizer 1 

Adjust camera angle 1 

 



 

Appendix C 
User interview results  

Name: Scott Blackwell 
Location: Hawaii, USA 
 
Level of use:  
Professional aerial photographer for real estate and agriculture industry. Flies drones 2-3 
times/month, uses action cameras monthly for hobby/business purposes 
 
Equipment:  

● DJI Phantom 3 
● Polaroid Cube HD Action Camera 

 
Design preferences:  

● Drone should look friendly so that people feel comfortable around them. Light colors 
and soft angles preferred.  

● Overall he does not care a lot about the aesthetic design element, performance is 
more important.  

 
Feature preferences for drones:  

● Likes DJI because of their ecosystem and performance/price ratio. Second to DJI he 
ranks Parrot with the motivation of their drones having a good build quality and being 
sturdy.  

 
Feature preferences for action cameras:  

● Quick camera swapping is important since he likes to switch between multiple 
mounting points on his car when using his action camera.  

● He likes the GoPro attachment system, but thinks overall GoPro is an overrated 
company. Says he gets similar performance from his Polaroid Cube action camera at 
a lower price.  

 
Thoughts on the proposed accessory:  

● Says that water drops ruining footage is a big problem where he works (Hawaii) since 
quick and unexpected showers are common.  

● Uneven exposure when filming is also a problem.  
● Would spend approximately 100 USD on a gadget like this.  
● Taking the accessory on and off quickly from the action camera would be important 

unless it has zero impact on image quality.  
● The battery of the accessory should hold at least as long as that of the GoPro.  
● The amount of noise the accessory makes is not important when filming from drones 

since the rotors would ruin all sound capture anyway. 
 



Other comments:  
● The gimbal system on drones is usually very delicate and can not support a lot of 

weight, because of this any accessory would have to be very light weight.  
 
 
 
Name: Ed Livingston 
Location: Orlando, Florida, USA 
 
Level of use: Mix of hobby and professional videography, fles approximately 3 times/week.  
 
Equipment:  

● DJI Phantom 3 Pro 
● DJI Phantom 4 Pro 
● DJI Mavic 
● GoPro Hero 3+ 
● GoPro Hero 4 
● GoPro Hero 5 Session 

 
Design preferences:  

● Nicest looking drone is the DJI Inspire 
● Design is secondary to performance  

 
Feature preferences for drones: 

● Well built 
● Durable  
● Good gimbal 
● Good camera footage quality 
● Likes DJI the most with Yuneec drones at second place because of their good build 

quality 
 
Feature preferences for action cameras:  

● Thinks the build quality of GoPro cameras has gone down over time.  
 
 
Thoughts on the proposed accessory:  

● Water drops is a big issue when using drones, especially when filming near waterfalls 
or doing landscape filming 

● Has a collections of 8 ND filter bought for 200USD and feels it is sometimes not easy 
to find the right strength. He checks if the filter step is correct by looking at a screen 
that shows the drone camera’s view before taking off 

● Would prefer it to be as simple as possible 
● Permanent attachment of the accessory would be difficult 
● Water drops is not a huge problem when using action cameras on ground 
● Would accept a rechargeable battery if it held a couple of hours 

 



Other comments:  
● Has not invested in a variable ND filter because of the price being too high 

(90-300USD). Does not like the fisheye effect of the GoPro. 
● Phantom Pro 4 has threaded inserts which he prefers to the push inserts of Phantom 

Pro 3 
● Has not tried hydrophobic coatings because he is afraid they could affect the filters 

he uses negatively 
 
Name: Samuele Toti 
Location: Mexico 
 
Level of use: Weekly. Has surfed for 10 years. Worked 6 years as a surf teacher at 
Brothers surf school in Italy, and has the last 2 years been running the school.  
 
Equipment:  

● GoPro Hero 4 Session 
 
Design preferences:  

● Needs to be light in order to not interfere with the balance of the surfboard.  
● The weight should be less than that of a GoPro Session.  
● Battery should last through a whole surf session which is approximately 3 hours.  
● Minimize dimensions of the accessory 
● Have the accessory turn on and off with the GoPro 

 
 
Preferences for Surf companies:  

● Among surf brands Samuele likes Patagonia the best. The reason is that he believes 
they do comfortable products and focus on preserving the environment. Likes that 
they claim to innovate material technology for improved environmental sustainability.  

 
 
Feature preferences for action cameras:  

● Feels the devices are perfect for his lifestyle since he does not need to bring a 
computer and can access, edit and upload footage directly from his phone.  

● Likes that the GoPro is waterproof and has good camera quality 
 
Thoughts on the proposed accessory:  

● Water drops  is definitely the biggest problem. Today there are few solutions for this, 
applying saliva to the lens can lessen the problem.  

● Would spend 60-90 EUR on a gadget like this.  
● Lightning can be a problem at particular angles during sunset due to uneven 

ground/sky exposure. Most surfing happens during the day when the light is good.  
● The problem of water drops is far larger than that of bad lightning.  

 
 
Other comments:  



● Thinks that preserving the oceans is something many in surfer culture talk about, but 
few actually care for in practice.  

● Preferred way of capturing surf sessions is by holding a specialized GoPro mount in 
his mouth to get a FPV shot. Another reason why the accessory should be light to 
avoid straining the jaw too much.  

● Thinks you can get the best angle of yourself when surfing using a selfie-stick, but 
does not like using them since it is uncomfortable paddling out with them.  

 
Name: Erik Norberg 
Location: Stockholm 
 
Level of use: Works in snowboard retailer Alpint in Stockholm. During snowboarding 
season Erik records his sessions weekly.  
 
Equipment:  

● GoPro Hero 4 Silver 
 
Design preferences:  

● Needs to be light. 
● Needs to be easy to activate using gloves. 
● Should not need to be removed from the camera once attached.  
● Battery should match or outperform that of the action camera. 
● Needs to be waterproof. 

 
Preferences for snowboarding companies:  

● Performance is more important than looks. 
● Bright colors are good as they are easy to spot in the snow if the snowboard is lost. 
● Likes Blizzard, Helio and Völkl for the performance of their gear. 
● Believes that people who buy cheaper snowboarding gear often focus more on 

aesthetics. 
 
 
Feature preferences for action cameras:  

● Waterproof housing like in the fifth generation GoPros. 
● Good image quality most important. 

 
Thoughts on the proposed accessory:  

● Would solve a big problem. Image often gets ruined today, especially when 
snowboarding in light- newly fallen snow.  

● Too much light is rarely a problem 
 
 
Other comments:  

● It is often hard to tell if the camera turned on when it is attached to the head. The 
beeping sound it makes is not loud enough.  



● Had a bluetooth remote to turn the camera on, but it was difficult to handle with 
gloves. 

● People seldom use the phone when on the slope. This is because it cannot be used 
with gloves, and some phones turn off due to extreme cold (iPhone 7 does this from 
personal experience of Erik).  

● Snowboarders rarely attach the camera to the board as you would not see anything 
because of the snow.  

 
 
 



 

Appendix D 
Company Style Samples 

This appendix summarises the visual language of prominent brands in each of the 
investigated user segments. This is done by sampling promotional and product images from 
respective company website.  



 

Surfing 
TWOTHIRDS 
Web : https://twothirds.com/ 

 
 

 

 
  



 

The Critical Slide Society (TCSS) 
Web: http://www.thecriticalslidesociety.com/ 

 

 
 
  



 

Mollusk 
Web: https://mollusksurfshop.com/ 

 

 
  



 

Hurley 
Web: http://www.hurley.com 

 
  



 

M. Nii 
Web: http://www.mnii.com/ 

 
 

 



 

Rip Curl 
Web: http://www.ripcurl.eu 

 

 

 
  

http://www.ripcurl.eu/


 

Billabong 
Web: http://us.billabong.com/ 
 

 

 



 

Snowboarding 
Ride 
Web: http://ridesnowboards.com/ 

 

 

 
 
  



 

Burton 
Web: https://www.burton.com 

 

 



 

K2 Snowboarding 
Web: http://www.k2snowboarding.com 

 

 

 

 

http://www.k2snowboarding.com/


 

Jones 
Web: https://www.jonessnowboards.com/ 

 

 
 

 



 

 
Salomon 
Web: http://www.salomon.com/ 

 

 
  



 

GNU 
Web: http://www.gnu.com/ 

 

 
  



 

Rome SDS 
Web: http://www.romesnowboards.com/ 

 

 
  



 

Drone Pilots 
DJI 
Web: http://www.dji.com/ 

 

 
  



 

GoPro 
Web: https://shop.gopro.com/ 

 

 



 

Yuneec 
Web: https://yuneec.uk/ 

 

 
  



 

Parrot 
Web: https://www.parrot.com 

 

 
  



 

SYMA 
Web: http://www.symatoys.com/ 

 

 

 
  



 

3DR systems 
Web: https://3dr.com/ 

 

 

 
  



 

Hubsan 
Web: http://www.hubsan.com/ 

 

 



Appendix E 
Criteria Specification 

Requirements 
These are the requirements provided by or approved by Top Notch Design. 
 
General 

● Work with the GoPro Hero 5 Session camera 
 
Design 

● Have an easily identifiable look 
● Appeal to the main user groups 

 
Performance 

● Use the proprietary Top Notch Design technology for achieving ND filter capabilities 
● Prevent water droplets from ruining images 
● Withstand forces and shocks encountered during normal use 
● Water and dust proof rating of IP67 (dust tight and submersible up to 1 m) 
● Sound from gadget should interfere moderately at most with the audio capture of the 

camera 
● Be lightweight 
● Work properly in the temperature range -10 to 50 degrees Celcius 
● Allow control through Bluetooth 

 
Usability 

● Not require any instruction manual for an user of average technical prowess  
● Minimize setup time 
● Should not diminish the GoPro’s usability in any significant way 

 



Appendix F 
Survey Distribution Channels 

These are the channels of outreach used to distribute the user surveys to the different user 
segments. 
 

● Snowboarders 
○ Facebook Groups: 

■ Vancouver Snowboard Club 
■ Tech Snowboard Collectors 
■ California Snowboarders 
■ New York Snowboarding Club 
■ Nanaimo Snowboard And Ski Swap And Shop 

 
● Surfers 

○ Facebook Groups 
■ Surf Barcelona 
■ London Surfers 
■ Surfers Trading NZ 
■ International Surfers Club 
■ Surfer Nation 

○ Reddit 
■ r/Surfing 

 
● Drone Photographers 

○ Reddit 
■ r/Aerialphotography 
■ r/Drones 
■ r/DJIPhantom 

○ Facebook Groups 
■ Drone Pilots Forum (UK) 
■ Drone Racing Beginners Group 
■ Aerial Drones- Share your world from above 
■ Chicago Drone Racers 

 



Appendix G 
Mounting Solutions 

With the goal of identifying the most suitable mounting solution, available approaches are 
here investigated.  

Attachment to the outside of body 
With all early 2017 models of GoPro cameras there is an around-body snap included that 
facilitates mounting of the camera in various situations. This around-body snap mechanism 
can also be used for attaching accessories. See Illustration 1. 
 

 
Illustration 1. Around-body snap for mounting the GoPro Hero 5 Session camera 

Integration 
Another way to attach accessories is by integrating a new component. A prominent example 
of this is the Ribcage by Backbone . The Ribcage is a lens mounting system that replaces the 
front plate of the GoPro Hero 5 Black (versions for older models are available). The 
customer can either purchase a pre-modified GoPro camera, or buy the kit and do the 
modification themselves.  
 
In the case where the customer modifies their own GoPro the warranty will be voided. A way 
to integrate accessories without voiding the warrant is to replace the already detachable lens 
cover, See Illustration 2. 



 
Illustration 2. Detachable lens cover for GoPro Hero5 Session  
 
This method has the benefit of allowing the system to remain waterproof by mimicking the 
shape of the surface that is in contact with the sealing. 

Attachment to the outside of separate housing 
Yet another method for mounting accessories onto GoPro cameras is to attach them onto 
external housings that are sold separately. This is the method used by Fotodiox filter 
manufacturer in their Wonderpana filter mount, which attaches to the outside of the Hero 3 
housing. The range of dive filters sold by GoPro for the Super Suit Hero 5 Black housing  is 
another example where this attachment method is used.  



Appendix H 
Testing Equipment 

These are the testing materials used during the practical evaluation phase of the technical 
study. 
 

Vibration 
● Faital PRO3FE25 speaker driver.  
● Stand with crocodile clamps 
● Petri dish 
● DC3V/0.1A 1.5V/0.05A 10x2.7mm Coin Mobile Phone Vibration Motor 
● Potentiometer 1-1000 Ohm 
● 2x AA alkaline batteries 
● Wedge ruler 

Coating 
● Water filled vessel 
● Screen with a repeating pattern printed on it 
● Mobile phone connected to the GoPro 
● Microfiber cloth 
● Lens coating to investigate 
● Foam block 
● Oakley Hydrophobic coating 
● Lens Hydrophobic Treatment by Microclair 

Electrowetting 
● 9 volt batteries connected in series to get direct current 
● PCB sample with Parylene-C coating 



Appendix I 
Experimental Results 

Vibration 
100Hz - 1000Hz 
The degrees are expressed in increments of 2.5 (half step on measuring instrument). The 
roll-off angle when performing test without oscillations was 35 degrees on average. 
 

 
An anomaly was observed at the 300, 400 Hz tests where the drops would resonate heavily 
and break apart into smaller drops. These smaller drops would then have a roll-off angle 
significantly higher than that of the initial larger drop.  
 
Sub 100Hz 
The vibrations had little observable effect on the roll-off angle of water droplets. At some 
lower power settings (low frequencies) a reverse effect was observed, where the roll-of 
angle would increase in comparison to the petri dish not being subjected to any vibrations. 
 
The most positive effect on roll-off speed seemed to occur at an eigenfrequency of the petri 
dish. It was possible to determine when the eigenfrequency was reached by observing when 
the system started to oscillate with an unusual intensity that diminished rapidly both above 
and below that specific frequency.  
 



Hydrophobic Coating 
Comparison of amount of water seen under different setups. 
 

No coating (rep. 1) 

 
No coating (rep. 2) 

 
No coating (rep. 3) 

Oakley coating (rep. 1) Oakley coating (rep. 2) Oakley coating (rep. 3) 

Microlair coating (rep. 1) 
 

Microlair coating (rep. 2) Microlair coating (rep. 3) 

 



Appendix J 
SWOT Analysis of Concepts 

Concept 1  - Single-module 
Strengths 

● Low usage  complexity 
● Low manufacturing  complexity 
● Different control  schemes can  be  incorporated  depending  on  which  filter is used 
● Easy waterproofing 
● Low profile  relative  to  lens 

 
Weaknesses 

● Shocks to  the  product might result in  the  watertight seal  opening  momentarily 
● Results in  two  separate  versions of the  product, one  with  EWOD-filter and  one  with 

ND-filter 
● Removal  and  swapping  is slow 
● Removal  and  swapping  requires tools 

 
Opportunities 

● Better target user segments by using  different design  language  for the  different 
versions 

 
Threats 

● No  brand  cohesion  is achieved  due  to  the  different versions having  few 
commonalities 

 

Concept 2  - Dual-module 
Strengths 

● Quick detachment and  swapping of the  filter module 
● The  semi-permanent module  interferes little  with  the  camera  functionality by being 

small  and  lightweight 
● Easy waterproofing 
● Low profile  relative  to  lens 
● The  standard  snap-around  mount can  be  used  when  the  second  module  is not 

attached 
● The  price  for users who  only need  one  of the  two  functions could  be  lowered  due  to 

the  electronics being  divided  into  two  separate  modules based  on  filter type 
 
Weaknesses 



● The  lack of shared  electronic components between  the  EWOD- and  ND-filter version 
of module  2, leads to  a  higher price  for users wishing  to  have  both  functions as they 
will  be  paying  twice  for several  components (battery, charging  circuit etc.) 

● Higher startup  manufacturing  cost due  to  the  need  of creating  two  different filter 
modules 

● If the  module  is swapped  in  a  wet environment water droplets could  be  stuck behind 
the  filter module, interfering  with  the  image 

● Strong  shocks and  forces could  separate  the  modules, releasing  the  camera  from its 
mount 

● Clasping  mechanism could  prove  expensive  to  assemble 
 
Opportunities 

● The  product could  become  a  platform which  allows third  parties to  develop  filters for it 
● The  same  filter modules could  be  used  for different action  cameras by customizing 

module  1 
 
Threats 

● Users will  lose  the  detachable  modules 

Concept 3  - Tri-module 
Strengths 

● Quick detachment and  swapping of the  filter module 
● The  semi-permanent module  (1) interferes very little  with  the  camera  functionality by 

being  small, lightweight and  having  no  moving  parts 
● The  price  for users who  want both  functions is lowered  by sharing  the  electronics 
● The  waterproofing  is reliable  due  to  external  forces going  into  the  snap-around  fit 

instead  of acting  on  the  semi-permanent module  (1) connected  to  the  seal 
● The  mounting  point is sturdy due  to  it being  attached  to  the  snap-around  module 

 
Weaknesses 

● Overall  high  complexity due  to  a  large  number of modules and  moving  parts 
● Module  swapping  in  wet environments could  lead  to  water drops getting  stuck 

between  modules 
● Requires a  data  and  power link between  module  2  and  3 

 
Opportunities 

● The  product could  become  a  platform which  allows third  party filters 
 
Threats 

● Users will  lose  the  detachable  modules 
● Users will  find  the  process for setting  up  the  product to  complex 
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Material taken from this website 
http://www.scscookson.com/parylene/properties.cfm
 
Parylene Conformal Coating Specifications & Properties 
 
I. Introduction 
 
Parylene is the generic name for members of a unique polymer series. The basic member of the 
series, called Parylene N, is poly-para-xylylene, a completely linear, highly crystalline material.  

Parylene C, the second commercially available member of the series, is 
produced from the same monomer modified only by the substitution of 
a chlorine atom for one of the aromatic hydrogens. The structures are 
shown in Figure 1. Parylene N,C & D Chemical Structures (right). 

Parylene D, the third member of the series, is produced from the same 
monomer modified by the substitution of the chlorine atom for two of 
the aromatic hydrogens. Parylene D is similar in properties to Parylene 
C with the added ability to withstand higher use temperatures. 

Parylene N is a primary dielectric, exhibiting a very low dissipation 
factor, high dielectric strength, and a dielectric constant invariant with 
frequency. This form has the highest penetrating power of all the 
Parylenes. Parylene C has a useful combination of electrical and 
physical properties plus a very low permeability to moisture and other 
corrosive gases. Along with its ability to provide a true pinhole free 
conformal insulation, Parylene C is the material of choice for coating c
assemblies. 

ritical electronic 

Due to the uniqueness of the vapor phase deposition, the Parylene polymers can be formed as 
structurally continuous films from as thin as a fraction of a micrometer to as thick as several 
mils. 

II. The Deposition Process 

The Parylene polymers are deposited from the vapor phase by a process which in some respects 
resembles vacuum metallizing. Unlike vacuum metallization, however, which is conducted at 
pressures of 10-5 torr or below, the Parylenes are formed at around 0.1 torr. Under these 
conditions the mean free path of the gas molecules in the deposition chamber is in the order of 
0.1 cm. Therefore, unlike vacuum metallizing, the deposition is not line of sight, and all sides of 
an object to be encapsulated are uniformly impinged by the gaseous monomer. This is 
responsible for the truly conformal nature of coating. 

The process consists of three distinct steps as outlined in Figure 2 for Parylene N. The first step 
is vaporization of the solid dimer at approximately 150° C. The second step is the quantitative 
cleavage (pyrolysis) of the dimer at the two methylene-methylene bonds at about 680° C to yield 

http://www.scscookson.com/parylene/properties.cfm
file:///Users/tonylarsson/Desktop/Apendixes/javascript:display('p-figure2.cfm%3Ftemplate=0')%3B


the stable monomeric diradical, para-xylylene. Finally, the monomer enters the room temperature 
deposition chamber where it simultaneously adsorbs and polymerizes on the substrate. No liquid 
phase has ever been isolated and the substrate temperature never rises more than a few degrees 
above ambient. A necessary fourth component in this system is the mechanical vacuum pump 
and associated protective traps. 

Figure 2. Parylene Deposition Process 

 

 

The equipment can be modified to meet the requirements or configuration of the items to be 
coated. Present coating chambers vary in size from 23 cm in diameter and 31 cm long to a 85 cm 
high hemi-cylindrical unit. One particular configuration, 45 cm in diameter and 60 cm high, was 
designed specifically for circuit boards and can accommodate up to two hundred 12 cm wide by 
16 cm long boards. The process is inherently simple and can be conducted with a minimum of 
supervision. 

Compared with vacuum metallizing, deposition rates are fast, especially for Parylene C, which is 
normally deposited at about 0.2 mils/hr. The deposition rate of Parylene N is somewhat slower. 
Kinetic studies have established that this rate is directly proportional to the square of the 
monomer concentration and inversely proportional to the absolute temperature. 

 

 



III. Properties 

The electrical, mechanical, thermal, barrier, optical, and other properties of Parylene N, C and D 
are discussed below. These properties are compared to those reported for other conformal 
coating materials such as epoxides, silicones, and urethanes.  

A. Electrical Properties 
The electrical properties of Parylene N, C, and D are shown in Table 1. 

Table 1. Parylene Electrical Properties  

 

1. Thin Film Dielectric Properties 

One of the features of the Parylenes is that they can be formed in extremely thin layers. The 
breakdown dc voltages of both Parylene C and N films have been determined as a function of 
polymer thickness, a plot of which is shown in Figure 3. Parylene C is superior to N in this 
respect for films under 5 micrometers (0.0002 in). These data show that both Parylenes have 
excellent dielectric withstanding voltages even below the 1 micrometer thickness range, and the 
voltage breakdown per unit thickness generally increases with decreasing thickness. 



 

Figure 3 Breakdown Voltage of Parylene C and N vs Polymer Film Thickness 

2. Circuit Board Insulation Resistance 
A critical test of the protection afforded by the Parylene coating is to coat circuit board test 
patterns (as described in MIL-I-46058C) and subject them to insulation resistance measurements 
during a temperature-humidity cycle (MIL-STD-202, methods 106 and 302). 

In brief, this test consists of ten cycles (one cycle per day), with each cycle consisting of seven 
steps. The seven steps range from low temperature, low humidity (25° C, 50% RH) to more 
severe conditions (65° C, 90% RH). Resistance readings are taken initially and at the 65° C, 90% 
RH step for each cycle of the ten day test. 

Table 2. Parylene C Circuit Board Screening (close window) 
Insulation Resistance (ohms), MIL-STD-202, method 302  

 

 



Results are shown in Table 2 for Parylene C coating thicknesses from 0.002 in to 0.0001 in. It is 
interesting to note that even for the very thin coatings (0.0001 in), the insulation resistance 
values are about one order of magnitude above the prescribed specification. 

B. Physical and Mechanical Properties 
Physical and mechanical properties of the Parylenes are summarized in Table 3. Because of their 
high molecular weight (~500,000) and because the melting temperatures and crystallinity are 
high, the Parylenes cannot be formed by conventional methods such as extrusion or molding. 
Solubility in organic or other media, except at temperatures above 175° C, is so low that they 
cannot be formed by casting. 

Impact resistance is high when the Parylene polymers are supported on test panels. Gardner 
falling ball impact tests on 0.001 in thick Parylene C coated steel "Q" panels are in the 250 in-lb 
range. 

Table 3. Parylene Physical and Mechanical Properties 

 



 

Wear index values (measured on a Taber Abraser machine using CS-17 "Calibrase" wheel with 
1000 gram weight) were 22.5 for Parylene C and 8.8 for Parylene N. By comparison, 
polytetrafluoroethylene (Teflon®) is 8.4, high impact polyvinylchloride is 24.4, epoxide is 41.9 
and urethane is 59.5. 

C. Thermal, Cryogenic, and Vacuum Properties 

1. Thermal 
Based on an Arrhenius extrapolation of test data, Parylene C is expected to survive continuous 
exposure to air at 100° C for ten years (100,000 hours). In oxygen free atmospheres, or in the 
vacuum of space, the Parylenes are expected to serve similarly on continuous exposure to 220° C 
. In all cases, higher temperature shortens use life. If the requirements for your application are 
near or exceed this time-temperature-atmospheric conditions envelope, it is recommended that 
you test the complete structure under conditions more closely resembling the actual conditions of 
intended use. 

Parylene may be annealed to increase cut-through resistance, increase hardness, and improve 
abrasion resistance. This is the result of a density and crystallinity increase. 

General thermal properties are summarized in Table 4. 

Table 4. Parylene Thermal Properties 

 

 



2. Cryogenic 
Steel panels coated with Parylene C and chilled in liquid nitrogen at -160° C withstood impacts 
of more than 100 in-lb in a modified Gardner falling ball impact test. This compares with values 
of about 250 in-lb at room temperature. 

Unsupported 0.002 in films of Parylene C can be flexed 180° six times at -165° C before failure 
occurs. Comparable films of polyethylene, polyethylene terephthalate, and 
polytetrafluoroethylene fail at three, two, and one flexes, respectively. 

Neither electrical nor physical properties are affected by cycling from 2° K (-271° C) to room 
temperature. 

3. Vacuum Stability 
Vacuum tests conducted at the jet Propulsion Laboratory show that total weight loss at 121° F 
and 10-5 torr were 0.12% for Parylene C and 0.30% for Parylene N. Volatile collectible, 
condensable material values were less than 0.01% (the limit of sensitivity of the test) for both 
polymers. 

D. Barrier Properties and Chemical Resistance 

1. Barrier 
The barrier properties of the Parylenes are given in Table 5. The moisture vapor 
transmission rates are again compared with those of other conformal coating materials. 
The rate for Parylene C is superior to almost all polymeric materials. 

Table 4. Parylene Thermal Properties (close window)  

 



 

Moisture vapor permeability values have been measured at thicknesses below 0.1 micrometer. 
Normalized to equivalent thickness, the values are the same for all thicknesses. 

2. Chemical Resistance 
The Parylenes resist room temperature chemical attack and are insoluble in all organic solvents 
up to 150° C. Parylene C can be dissolved in chloro-napthalene at 175° C, and Parylene N is 
soluble at the solvent's boiling point (265° C). Both polymers are resistant to permeation by most 
solvents. They also are unaffected by stress-cracking agents such as Hostepal®, Igepal®, an 
lemon oil. 

E. Optical Properties, Radiation, and Weathering Resistance 

1. Optical Properties 

Parylene exhibits very little absorption in the visible region and is, therefore, transparent and 
colorless. Below about 280 nm both Parylene N and C absorb strongly, as shown in Figure 4. 

Figure 4. Ultraviolet Absorption Spectra of Parylene N and C  

 

 

The infrared spectra for 1 mil films are shown in Figure 5, Figure 6, and Figure 7. 

 

 

 



Figure 5. Infrared Transmission Spectra of Parylene C   

 

Figure 6. Infrared Transmission Spectra of Parylene N 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Figure 7. Infrared Transmission Spectra of Parylene D (close window)  

 

 

2. Radiation and Weathering Resistance 
Parylene N, C and D films show a high degree of resistance to degradation by gamma rays in 
vacuum. Tensile and electrical properties were unchanged after 100 Mr dosage at a dose rate of 
1.6 Mr/h. Exposure in air leads to rapid embrittlement. 

Although stable indoors, the Parylenes are not recommended for long term use outdoors when 
exposed to direct sunlight. 

IV. Adhesion 
 
Good to excellent adhesion of Parylene to a wide variety of substrates can be achieved by the 
simple treatment with a dilute solution of an organic silane prior to Parylene coating. Two 
silanes, vinyl trichlorosilane in either xylene, isopropyl alcohol, or Freon® and 
gammamethacryloxypropyltrimethoxysilane in a methanol-water solvent have been successfully 
used. The techniques were developed primarily for electronic components and assemblies and do 
not affect any of the substrate or coating properties. Silanes can also be vapor phase applied if 
non-liquid application is preferable. Generalized procedures for using these silanes are available 
upon request. 

V. Product Safety 
 
Specialty Coating Systems has compiled the information contained herein from what it believes 
are authoritative sources and believes that it is accurate and factual as of the date printed. It is 
offered solely as a convenience to its customers and is intended only as a guide concerning the 
products mentioned, Since the user's product formulation, specific use application, and 
conditions of use are beyond Specialty Coating Systems control, Specialty Coating Systems 



makes no warranty or representation regarding the results that may be obtained by the user. It 
shall be the responsibility of the user to determine the suitability of any products mentioned for 
the user's specific application. We urge you to review, prior to use, the Material Safety Data 
Sheets for any Specialty Coating Systems products mentioned herein. These documents are 
available from your Specialty Coating Systems sales representative. This information is not to be 
taken as a warranty or representation for which Specialty Coating Systems assumes legal 
responsibility nor as permission to practice any patented invention without a license. 

VI. Applications 

 
A. Conformal Coating of Printed Circuit Boards for Protection Against Moisture and 
Corrosive Environments 

The ability to deposit Parylene as a truly 
conformal, thin, continuous, uniform 
adherent coating permits its application 
as a protective PCB coating. 

A number of printed circuit assemblies 
and conductor patterns have been cross-
sectioned and polished after coating with Parylene. Figure 8. Scale drawing of 0.024 in wire 
coated with 0.001 in of Parylene - 50X (above-right) is a representation of a photomicrograph 
taken of a 0.024 in wire on a phenolic laminate, drawn to scale at 50X magnification. 

The Parylene C coating was 0.001 in thick. The Parylene polymer penetrated and coated 
uniformly even in the 0.002 in gap between the wire and board. 

Figure 9. Cross section of Conductor Pattern on Glass-Epoxy Laminate - 50X (left) shows a 
photomicrograph of a conductor pattern on an epoxy glass laminate coated with 0.002 in. of 
Parylene C. Replication of the step-edge is particularly impressive. 

B. Surface Passivation and Environmental Protection of Semiconductor Devices 

Parylene at thicknesses from 0.I micrometer to 0.002 in, has been found useful in this 
application. Again, the truly conformal nature of the coating allows bonded wires and evaporated 
conductor patterns to be coated at the same thickness as the silicon or other semiconductor 
surfaces. Parylene at thicknesses down to at least 0.4 micrometer is pinhole free as shown by HF 
and chlorine etch techniques. 

Thorough evaluation proves that Parylene does not alter the electronic parameters of devices. 
Furthermore, when Parylene coated devices, integrated and hybrid circuits, are encapsulated by 
transfer molded epoxide compounds their performance is equivalent to hermetically sealed units 
in accelerated aging tests (pressure cooker). 



C. Conformal Coating of Biomedical Devices for Environmental Protection and Electrical 
Insulation Requirements 

Thin Parylene films can be deposited on virtually any biomedical substrate. Parylene coated 
devices are stable, exhibit little or no change in response characteristics, and are electrically and 
chemically isolated from the body. 

D. Parylene has found acceptance in a myriad of industrial, aerospace, Chemical, 
automotive, consumer, pharmaceutical, and defense applications  
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Page 1 of 4PP (impact copolymer, UV stabilized)

 Values marked * are estimates.
 No warranty is given for the accuracy of this data

General information
Designation

Polypropylene (Impact copolymer, UV stabilized)

Tradenames

Polyfort; Hostacom; Moplen; Rhetech PP; Sabic PP; 

Typical uses

Automotive Interior Parts; Automotive Interior Trim; Automotive Under the Hood; Automotive Instrument Panel; 
Automotive Exterior Parts; General Purpose; Appliance Components; Containers; Profiles; Sheet; Luggage; 
Buckets; bowls; general mechanical parts; bottle crates; toys; medical components; washing machine drums; 
pipes; battery cases; bottles; bottle caps; bumpers; films for packaging; fibers for carpeting and artificial sports
surfaces.

Composition overview
Compositional summary

Block copolymer of PP homopolymer and 5-25 wt% ethylene-propylene copolymer rubber (EPR or E/P).  Forms a 
two-phase (heterophase) material with EPR finely dispersed in the continuous PP phase.

Material family Plastic (thermoplastic, semi-crystalline)

Base material PP (Polypropylene)

Additive Impact modifier, UV 

Polymer code PP-I

Composition detail (polymers and natural materials)
Polymer 80 - 90 %

Impact modifier 10 - 20 %

Price
Price * 19,6 - 21,1 SEK/kg

Physical properties
Density 899 - 909 kg/m^3

Mechanical properties
Young's modulus 1,23 - 1,26 GPa

Yield strength (elastic limit) 23,6 - 26,9 MPa

Tensile strength 23,4 - 24,6 MPa

Elongation 139 - 865 % strain

Elongation at yield 6,5 - 10,8 % strain

Compressive modulus * 1,23 - 1,26 GPa

Compressive strength * 29,5 - 31 MPa

Flexural modulus 1,02 - 1,18 GPa

Flexural strength (modulus of rupture) * 31,3 - 35,9 MPa

Shear modulus * 0,438 - 0,449 GPa

Bulk modulus * 2,26 - 2,32 GPa

Poisson's ratio * 0,405 - 0,413



Page 2 of 4PP (impact copolymer, UV stabilized)

Values marked * are estimates.
No warranty is given for the accuracy of this data

Shape factor 5,3

Hardness - Vickers * 7,37 - 7,74 HV

Hardness - Rockwell M * 49,9 - 50,4

Hardness - Rockwell R 67,6 - 86

Hardness - Shore D 64 - 69,3

Hardness - Shore A * 94,4 - 99,2

Fatigue strength at 10^7 cycles * 9,36 - 9,83 MPa

Mechanical loss coefficient (tan delta) * 0,0312 - 0,0328

Impact & fracture properties
Fracture toughness * 1,5 - 1,58 MPa.m^0.5

Impact strength, notched 23 °C 7,74 - 13,7 kJ/m^2

Impact strength, notched -30 °C 6,83 - 7,18 kJ/m^2

Impact strength, unnotched 23 °C 590 - 600 kJ/m^2

Impact strength, unnotched -30 °C 58,5 - 61,5 kJ/m^2

Thermal properties
Melting point * 160 - 165 °C

Glass temperature -24 - -16 °C

Heat deflection temperature 0.45MPa 80,9 - 98,8 °C

Heat deflection temperature 1.8MPa 45,5 - 61,6 °C

Vicat softening point 112 - 162 °C

Maximum service temperature * 64,6 - 81,7 °C

Minimum service temperature * -25 - -10 °C

Thermal conductivity * 0,197 - 0,205 W/m.°C

Specific heat capacity * 1,88e3 - 1,91e3 J/kg.°C

Thermal expansion coefficient 118 - 121 µstrain/°C

Electrical properties
Electrical resistivity * 7,42e22 - 2,47e24 µohm.cm

Dielectric constant (relative permittivity) * 2,16 - 2,24

Dissipation factor (dielectric loss tangent) * 1,96e-4 - 2,04e-4

Dielectric strength (dielectric breakdown) * 17,6 - 18,4 MV/m

Comparative tracking index 600 V

Magnetic properties
Magnetic type Non-magnetic

Optical properties
Refractive index 1,48 - 1,5

Transparency Translucent

Bio-data
Food contact Yes
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Values marked * are estimates.
No warranty is given for the accuracy of this data

Restricted substances risk indicators
RoHS (EU) compliant grades?

Absorption & permeability
Water absorption @ 24 hrs * 0,0195 - 0,0205 %

Water vapor transmission 0,224 - 0,308 g.mm/m².day

Permeability (O2) 61,2 - 144 cm³.mm/m².day.atm

Processing properties
Polymer injection molding Excellent

Polymer extrusion Excellent

Polymer thermoforming Limited use

Linear mold shrinkage 1,41 - 1,51 %

Melt temperature 233 - 258 °C

Mold temperature 26,6 - 49,5 °C

Molding pressure range 2,71 - 8,4 MPa

Durability
Water (fresh) Excellent

Water (salt) Excellent

Weak acids Excellent

Strong acids Excellent

Weak alkalis Excellent

Strong alkalis Excellent

Organic solvents Excellent

Oxidation at 500C Unacceptable

UV radiation (sunlight) Good

Flammability Highly flammable
Notes

Currently NOT UL tested but expected to pass the HB 
t t

Primary production energy, CO2 and water
Embodied energy, primary production * 65,9 - 72,6 MJ/kg

CO2 footprint, primary production * 2,77 - 3,06 kg/kg

Water usage * 37,2 - 41,2 l/kg

Processing energy, CO2 footprint & water
Polymer extrusion energy * 5,99 - 6,63 MJ/kg

Polymer extrusion CO2 * 0,45 - 0,497 kg/kg

Polymer extrusion water * 4,9 - 7,35 l/kg

Polymer molding energy * 23,5 - 26 MJ/kg

Polymer molding CO2 * 1,76 - 1,95 kg/kg

Polymer molding water * 14,6 - 21,9 l/kg

Coarse machining energy (per unit wt removed) * 0,793 - 0,876 MJ/kg

Coarse machining CO2 (per unit wt removed) * 0,0595 - 0,0657 kg/kg
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Values marked * are estimates.
No warranty is given for the accuracy of this data

Fine machining energy (per unit wt removed) * 3,65 - 4,04 MJ/kg

Fine machining CO2 (per unit wt removed) * 0,274 - 0,303 kg/kg

Grinding energy (per unit wt removed) * 6,83 - 7,55 MJ/kg

Grinding CO2 (per unit wt removed) * 0,512 - 0,566 kg/kg

Recycling and end of life
Recycle

Embodied energy, recycling * 22,3 - 24,7 MJ/kg

CO2 footprint, recycling * 0,94 - 1,04 kg/kg

Recycle fraction in current supply 5,26 - 5,81 %

Downcycle

Combust for energy recovery

Heat of combustion (net) * 44 - 46,2 MJ/kg

Combustion CO2 * 3,06 - 3,22 kg/kg

Landfill

Biodegrade

Geo-economic data for principal component
Principal component Polypropylene

Annual world production, principal component 4,11e7 - 4,55e7 tonne/yr

Reserves, principal component 5,7e8 - 6,3e8 tonne

Eco-indicators for principal component
Eco-indicator 95 330 millipoints/kg

Eco-indicator 99 254 millipoints/kg

EPS value 804 - 888

Links
ProcessUniverse
Producers
Reference
Shape
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6. Conclusion 

 
Safety management is a fundamental measure for all Lithium-ion energy storage systems. 
 
Lithium-ion safety is ensured by a combination of prevention, mitigation and protection systems: 

x An application hazard analysis is necessary to adapt the design of the system for each specific 
application 

x Protections are required at all levels: cell, module and battery. Lithium-ion batteries are equipped 
with electronic protections, mechanical design and electric design incorporating the necessary 
redundancies in the risk control chain to ensure the reliability of the safety functions 

 
All Lithium-ion batteries are equipped with individual electronic protections to avoid electrical misuse 
(minimum and maximum voltage protection, current protection, etc…). Their mechanical design makes them 
resistant to shocks and vibrations and they can be used safely in a large range of temperature (typically 
between -20°C and +60°C). In order to guarantee the reliability of these protections, the necessary 
redundancies are introduced in the hazard control chain. 
 
Global systems safety can only be ensured at system and application level. Large battery systems 
communicate with their operating system in order to coordinate the safety control with the user need, 
including power and energy availability, or cooling systems control. 
 
In addition, the battery and systems are designed to mitigate the consequences of potential hazards, in 
order to face the situation of default or abusive usage. The design integrates for example specific vents to 
safely manage the fume exhausts, and large systems have thermal protections sized to limit the fire 
propagation. 
 
The global approach to hazard management has made the Lithium-ion battery one of the safest energy 
storage systems. Billions of electrical and electronic equipments powered by these batteries are used 
worldwide on a daily basis confirming that the safety of Lithium-ion batteries is well managed.  
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Shutter

4

Product name

Product life (years)

Summary:

Eco Audit Report

Country of use World

Phase Energy
(MJ)

Energy
(%)

CO2 footprint
(kg)

CO2 footprint
(%)

Material 12,2 60,8 1,23 68,7
Manufacture 0,834 4,2 0,0633 3,5
Transport 0,139 0,7 0,00984 0,5
Use 6,85 34,2 0,486 27,1
Disposal 0,0258 0,1 0,00181 0,1
Total (for first life) 20 100 1,79 100
End of life potential -0,936 -0,0185

Energy details CO2 footprint details

See notes on precision and data sources.
NOTE: Differences of less than 20% are not usually significant.

den 8 maj 2017
Shutter.prd Page  1 / 9



Energy (MJ/year)
Equivalent annual environmental burden (averaged over 4 year product life): 5

SummaryEnergy Analysis

Eco Audit Report

Material:

Component Material
Recycled 
content*

(%)

Part 
mass
(kg)

Qty.
Total mass 
processed**

(kg)
Energy

(MJ) %

base bottom PP (impact copolymer, UV 
stabilized) 20,0% 0,0092 1 0,0092 0,55 4,6

base top PP (impact copolymer, UV 
stabilized) 20,0% 0,0099 1 0,0099 0,59 4,9

Screw knob PP (impact copolymer, UV 
stabilized) 20,0% 0,0037 1 0,0037 0,22 1,8

screw plate Acrylic rubber (ACM, 
unreinforced) Virgin (0%) 0,0011 1 0,0011 0,088 0,7

screws M2 Stainless steel, martensitic, 
AISI 410, hard temper Virgin (0%) 0,0001

2 7 0,00084 0,057 0,5

battery Li-Ion, rechargeable battery (for 
laptops) Virgin (0%) 0,011 1 0,011 10 82,8

filter frame front PP (impact copolymer, UV 
stabilized) Virgin (0%) 0,0056 1 0,0056 0,39 3,2

filter frame back PP (impact copolymer, UV 
stabilized) Virgin (0%) 0,0014 1 0,0014 0,1 0,8

substrate Soda lime - 0070 Virgin (0%) 0,008 1 0,008 0,085 0,7

Total 15 0,051 12 100

Detailed breakdown of individual life phases

Summary

*Typical: Includes 'recycle fraction in current supply'

**Where applicable, includes material mass removed by secondary processes

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Manufacture: Summary

Component Process % Removed Amount processed Energy
(MJ) %

base bottom Polymer molding - 0,0092 kg 0,23 27,4

base top Polymer molding - 0,0099 kg 0,24 29,2

Screw knob Polymer molding - 0,0037 kg 0,092 11,0

screw plate Polymer molding - 0,0011 kg 0,018 2,2

screws M2 Forging - 0,00084 kg 0,005 0,6

filter frame front Polymer molding - 0,0056 kg 0,14 16,6

filter frame back Polymer molding - 0,0014 kg 0,036 4,3

substrate Glass molding - 0,008 kg 0,07 8,4

Filter adhesive assembly Adhesives, cold curing - 0,00025 m^2 0,0025 0,3

Total 0,83 100

Transport:

Breakdown by transport stage

Stage name Transport type Distance
(km)

Energy
(MJ) %

Shipping Sea freight 1,7e+04 0,14 100,0

Total 1,7e+04 0,14 100

Component Mass
(kg)

Energy
(MJ) %

base bottom 0,0092 0,025 18,1

base top 0,0099 0,027 19,3

Screw knob 0,0037 0,01 7,3

screw plate 0,0011 0,0029 2,1

screws M2 0,00084 0,0023 1,6

battery 0,011 0,03 22,0

filter frame front 0,0056 0,015 11,0

filter frame back 0,0014 0,0039 2,8

substrate 0,008 0,022 15,7

Total 0,051 0,14 100

Breakdown by components

Summary

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Use:

Mode Energy
(MJ) %

Static 0
Mobile 6,9 100,0

Total 6,9 100

Relative contribution of static and mobile modes

Fuel and mobility type Gasoline - family car

Country of use World

Product mass
(kg) 0,051

Distance
(km per day) 1,6e+02

Usage (days per year) 1e+02

Product life (years) 4

Mobile mode

Component Energy
(MJ) %

base bottom 1,2 18,1

base top 1,3 19,3

Screw knob 0,5 7,3

screw plate 0,14 2,1

screws M2 0,11 1,6

battery 1,5 22,0

filter frame front 0,76 11,0

filter frame back 0,19 2,8

substrate 1,1 15,7

Total 6,9 100

Breakdown of mobile mode by components

Summary

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Disposal:

Component End of life 
option % recovered Energy

(MJ) %

base bottom Recycle 100,0 0,0065 25,1

base top Recycle 100,0 0,0069 26,8

Screw knob Recycle 100,0 0,0026 10,1

screw plate Combust 100,0 0,00053 2,1

screws M2 Landfill 100,0 0,00017 0,7

battery None 100,0 0 0,0

filter frame front Combust 100,0 0,0028 10,9

filter frame back Combust 100,0 0,00072 2,8

substrate Recycle 100,0 0,0056 21,7

Total 0,026 100

Summary

Component End of life 
option % recovered Energy

(MJ) %

base bottom Recycle 100,0 -0,34 36,1

base top Recycle 100,0 -0,36 38,5

Screw knob Recycle 100,0 -0,14 14,5

screw plate Combust 100,0 -0,0071 0,8

screws M2 Landfill 100,0 0 0,0

battery None 100,0 0 0,0

filter frame front Combust 100,0 -0,063 6,8

filter frame back Combust 100,0 -0,016 1,7

substrate Recycle 100,0 -0,015 1,6

Total -0,94 100

EoL potential:

Notes: Summary

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Material:

Component Material
Recycled 
content*

(%)

Part 
mass
(kg)

Qty.
Total mass 
processed**

(kg)

CO2 
footprint

(kg)
%

base bottom PP (impact copolymer, UV 
stabilized) 20,0% 0,0092 1 0,0092 0,023 1,9

base top PP (impact copolymer, UV 
stabilized) 20,0% 0,0099 1 0,0099 0,025 2,0

Screw knob PP (impact copolymer, UV 
stabilized) 20,0% 0,0037 1 0,0037 0,0094 0,8

screw plate Acrylic rubber (ACM, 
unreinforced) Virgin (0%) 0,0011 1 0,0011 0,0042 0,3

screws M2 Stainless steel, martensitic, 
AISI 410, hard temper Virgin (0%) 0,0001

2 7 0,00084 0,0046 0,4

battery Li-Ion, rechargeable battery (for 
laptops) Virgin (0%) 0,011 1 0,011 1,1 92,4

filter frame front PP (impact copolymer, UV 
stabilized) Virgin (0%) 0,0056 1 0,0056 0,016 1,3

filter frame back PP (impact copolymer, UV 
stabilized) Virgin (0%) 0,0014 1 0,0014 0,0042 0,3

substrate Soda lime - 0070 Virgin (0%) 0,008 1 0,008 0,0061 0,5

Total 15 0,051 1,2 100

Detailed breakdown of individual life phases

Summary

*Typical: Includes 'recycle fraction in current supply'

**Where applicable, includes material mass removed by secondary processes

CO2 (kg/year)
Equivalent annual environmental burden (averaged over 4 year product life): 0,448

SummaryCO2 Footprint Analysis

Eco Audit Report

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Transport:

Breakdown by transport stage

Stage name Transport type Distance
(km)

CO2 footprint
(kg) %

Shipping Sea freight 1,7e+04 0,0098 100,0

Total 1,7e+04 0,0098 100

Component Mass
(kg)

CO2 footprint
(kg) %

base bottom 0,0092 0,0018 18,1

base top 0,0099 0,0019 19,3

Screw knob 0,0037 0,00072 7,3

screw plate 0,0011 0,0002 2,1

screws M2 0,00084 0,00016 1,6

battery 0,011 0,0022 22,0

filter frame front 0,0056 0,0011 11,0

filter frame back 0,0014 0,00028 2,8

substrate 0,008 0,0015 15,7

Total 0,051 0,0098 100

Breakdown by components

Summary

Manufacture: Summary

Component Process % Removed Amount processed
CO2 

footprint
(kg)

%

base bottom Polymer molding - 0,0092 kg 0,017 27,1

base top Polymer molding - 0,0099 kg 0,018 28,9

Screw knob Polymer molding - 0,0037 kg 0,0069 10,9

screw plate Polymer molding - 0,0011 kg 0,0015 2,3

screws M2 Forging - 0,00084 kg 0,00037 0,6

filter frame front Polymer molding - 0,0056 kg 0,01 16,5

filter frame back Polymer molding - 0,0014 kg 0,0027 4,2

substrate Glass molding - 0,008 kg 0,0056 8,9

Filter adhesive assembly Adhesives, cold curing - 0,00025 m^2 0,00048 0,8

Total 0,063 100

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Use:

Mode CO2 footprint
(kg) %

Static 0
Mobile 0,49 100,0

Total 0,49 100

Relative contribution of static and mobile modes

Fuel and mobility type Gasoline - family car

Country of use World

Product mass
(kg) 0,051

Distance
(km per day) 1,6e+02

Usage (days per year) 1e+02

Product life (years) 4

Mobile mode

Component CO2 footprint
(kg) %

base bottom 0,088 18,1

base top 0,094 19,3

Screw knob 0,035 7,3

screw plate 0,01 2,1

screws M2 0,008 1,6

battery 0,11 22,0

filter frame front 0,054 11,0

filter frame back 0,014 2,8

substrate 0,076 15,7

Total 0,49 100

Breakdown of mobile mode by components

Summary

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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Notes: Summary

Disposal:

Component End of life 
option % recovered

CO2 
footprint

(kg)
%

base bottom Recycle 100,0 0,00045 25,1

base top Recycle 100,0 0,00048 26,8

Screw knob Recycle 100,0 0,00018 10,1

screw plate Combust 100,0 3,7e-05 2,1

screws M2 Landfill 100,0 1,2e-05 0,7

battery None 100,0 0 0,0

filter frame front Combust 100,0 0,0002 10,9

filter frame back Combust 100,0 5e-05 2,8

substrate Recycle 100,0 0,00039 21,7

Total 0,0018 100

Summary

Component End of life 
option % recovered

CO2 
footprint

(kg)
%

base bottom Recycle 100,0 -0,014 77,0

base top Recycle 100,0 -0,015 82,2

Screw knob Recycle 100,0 -0,0057 30,9

screw plate Combust 100,0 0,0019 -10,1

screws M2 Landfill 100,0 0 0,0

battery None 100,0 0 0,0

filter frame front Combust 100,0 0,013 -71,6

filter frame back Combust 100,0 0,0034 -18,3

substrate Recycle 100,0 -0,0018 9,9

Total -0,018 100

EoL potential:

Report generated by 
CES Selector 2016 (C) Granta Design Ltd. den 8 maj 2017
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QUOTE  LOG IN MENU

Injection Molding
Design Guideline

Injection molding is used for manufacturing a wide variety of parts, from small components like

AAA battery boxes to large components like truck body panels. Once a component is

designed, a mold is made and precision machined to form the features of the desired part. The

injection molding takes place when a thermoplastic or thermoset plastic material is fed into a

heated barrel, mixed, and forced into the metal mold cavity where it cools and hardens before

being removed.

https://www.stratasysdirect.com/
https://rq.stratasysdirect.com/Account/Create/
https://rq.stratasysdirect.com/Account/Login
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TOOLING

Mold and die are used interchangeably to describe the tooling applied to produce plastic parts.

They are typically constructed from pre-hardened steel, hardened steel, aluminum, and/or

beryllium-copper alloy. Of these materials, hardened steel molds are the most expensive to

make, but offer the user a long lifespan, which offsets the cost per part by spreading it over a
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larger quantity. For low volumes or large components, pre-hardened steel molds provide a less

wear-resistant and less expensive option.

The most economical molds are produced out of aluminum. When designed and built using

CNC machines or Electrical Discharge Machining processes, these molds can economically

produce tens of thousands to hundreds of thousands of parts. Note that beryllium copper is

often used in areas of the mold that require fast heat removal or places that see the most shear

heat generated.

INJECTION MOLDING

The injection molding process uses a granular plastic that is gravity fed from a hopper. A

screw-type plunger forces the material into a heated chamber, called a barrel, where it is

melted. The plunger continues to advance, pushing the polymer through a nozzle at the end of

the barrel that is pressed against the mold. The plastic enters the mold cavity through a gate

and runner system. After the cavity is filled, a holding pressure is maintained to compensate for

material shrinkage as it cools. At this same time, the screw turns so that the next shot is moved

into a ready position, and the barrel retracts as the next shot is heated. Because the mold is

kept cold, the plastic solidifies soon after the mold is filled. Once the part inside the mold cools

completely, the mold opens, and the part is ejected. The next injection molding cycle starts the

moment the mold closes and the polymer is injected into the mold cavity.

INJECTION MOLDING MATERIALS

Materials Selection: Many types of thermoplastic materials are available. Selection depends on

the specific application. The chart below shows some of the most common materials being

used.

INJECTION MOLDING ENGINEERED THERMOPLASTIC MATERIALS

Nylons Polyphenylene Sulfide PPS

Polycarbonates Polyehter Sulfone

Acetals Polyetheretherketone PEEK

Acrylics Fluoropolymers

Polypropylenes Polyether Imide PEI

Polyethylenes Polyphenylene Oxide PPO

Acrylonitrile Butadiene Styrene Polyurethanes PUR

Thermoplastic Elastomers Polyphthalamide PPA
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WALL SECTION CONSIDERATIONS
WALL THICKNESSTHICKN

Cost savings are highest when components have a minimum wall thickness, as long as thatthickn

thickness is consistent with the part’s function and meets all mold filling considerations. Asthickn

would be expected, parts cool faster with thin wall thicknesses, which means that cycle timesthickn

are shorter, resulting in more parts per hour. Further, thin parts weigh less, using less plastic

per part. On average, the wall thickness of an injection molded part ranges from 2mm to 4mmthickn

(.080 inch to .160 inch). Thin wall injection molding can produce walls as thin as 0.5mm (0.020

inch).

UNIFORM WALLS

Parts with walls of uniform thickness allow the mold cavity to fill more easily since the moltenthickn

plastic does not have to be forced through varying restrictions as it fills.

If the walls are not uniform the thin section cools first, then as the thick section cools and

shrinks it builds stresses near the boundary area between the two. Because the thin section

has already hardened, it doesn’t yield. As the thick section yields, it leads to warping or twisting

of the part, which, if severe enough, can cause cracks.

What if you cannot have uniform walls (due to design limitations)?

If design limitations make it impossible to have uniform wall thicknesses, the change inthickn

thickness should be as gradual as possible.thickn
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Coring is a method where plastic is removed from the thick area, which helps to keep wall

sections uniform, eliminating the problem altogether.

Gussets are support structures that can be designed into the part to reduce the possibility of

warping.

VOIDS AND SHRINKAGE

Troublesome shrinkage problems can be caused by the intersection of walls that are not

uniform in wall thickness. Examples might include ribs, bosses, or any other projection of thethickn

nominal wall. Since thicker walls solidify slower, the area they are attached to at the nominal

wall will shrink as the projection shrinks. This can result in a sunken area in the nominal wall.

Such shrinkage can be minimized if a rib thickness is maintained to between 50 and 60 percentthickn

of the walls they are attached to. To further our example, bosses located into a corner will

produce very thick walls, causing sink, unless isolated as in the illustration below.
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WARPAGE

The dynamic of thin and thick sections and their cooling times creates warping as well. As

would be expected, as a thick section cools it shrinks, and the material for the shrinkage

comes from the unsolidified areas causing the part to warp.

Other causes for warping might include the molding process conditions, injection pressures,

cooling rates, packing problems, and mold temperatures. Resin manufacturers’ process

guidelines should be followed for best results.

BOSSES

Bosses are used to facilitate the registration of mating parts, for attaching fasteners such as

screws, or for accepting threaded inserts.

Wall thicknesses for bosses should be less than 60 percent of the nominal wall to minimizethickn

sinking. However, if the boss is not in a visible area, then the wall thickness can be increased tothickn
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allow for increased stresses imposed by self-tapping screws.

The base radius should be a minimum of 0.25 X thickness. Bosses can be strengthened bythickn

incorporating gussets at the base or by using connecting ribs attaching to nearby walls.

RIBS
Ribs are used in a design to increase the bending stiffness of a part without adding thickness.thickn

Ribs increase the moment of inertia, which increases the bending stiffness.

Bending Stiffness = E (young’s Modulus) x I (Moment of Inertia)

Rib thickness should be less than wall thickness to minimize sinking effects. The recommendedthickn thickn

rib thickness should not exceed 60 percent of the nominal thickness. Plus, the rib should bethickn thickn

attached with corner radii as generous as possible.

RIB INTERSECTIONS

Because the thickness of the material will be greater at the rib intersections, coring or anotherthickn

means of material removal should be employed to avoid excessive sinking from occurring on

the opposite side.



2017-5-10 Design Guidelines: Injection Molding

https://www.stratasysdirect.com/resources/injection-molding/ 8/17

RIB GUILDELINES

The height of a rib should be limited to less than three times its thickness. It is better to usethickn

multiple ribs to increase bending stiffness than to use one very tall rib.

RIB/LOAD AFFECT ON STIFFNESS

A rib is oriented in such a way as to provide maximum bending stiffness to the part. By paying

attention to part geometry, designers must be conscious of the orientation of the rib to the

bending load or there will be no increase in stiffness.

DRAFT AND TEXTURE
Mold drafts facilitate part removal from the mold. The draft must be in an offset angle that is

parallel to the mold opening and closing. The ideal draft angle for a given part depends on the
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depth of the part in the mold and its required end-use function.

Allowing for as much draft as possible will permit parts to release from the mold easily.

Typically, one to two degrees of drafts with an additional 1.5 degrees per 0.25mm depth of

texture is enough to do the trick.

The mold part line will need to be located in a way that splits the draft in order to minimize it. If

no draft is acceptable due to design considerations, a side action mold may be required.

TEXTURES AND LETTERING

Whether to incorporate identifying information or to include as an aesthetic addition, textures

and lettering can be included onto mold surfaces for the end user or factory purposes.

Texturing may also hide surface defects such as knit lines and other imperfections. The depth

of the texture or letters is somewhat limited, and extra draft needs to be provided to allow for

part removal from the mold without dragging or marring the part.

Draft for texturing is somewhat dependent on the part design and specific texture desired. As a

general guideline, 1.5° min. per 0.025mm (0.001 inch) depth of texture needs to be allowed for

in addition to the normal draft. Usually for general office equipment such as lap-top computers

a texture depth of 0.025 mm (0.001 inch) is used and the minimum draft recommended is 1.5°.

More may be needed for heavier textured surfaces such as leather (with a depth of 0.125

mm/0.005 inch) that requires a minimum draft of 7.5°.

SHARP CORNERS
Sharp corners greatly increase stress concentration, which, when high enough, can lead to

part failure. Sharp corners often come about in non-obvious places, such as a boss attached

to a surface, or a strengthening rib. The radius of sharp corners needs to be watched closely

because the stress concentration factor varies with radius for a given thickness. As illustrated inthickn
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the chart to the left, the stress concentration factor is high for R/T values less than 0.5, but for

R/T values over 0.5 the concentration lowers. The stress concentration factor is a multiplier that

greatly increases stress. It is recommended that an inside radius be a minimum of one times

the thickness.thickn

In addition to reducing stresses, the fillet radius provides a streamlined flow path for the molten

plastic, resulting in an easier fill of the mold.

At corners, the suggested inside radius is 0.5 times the material thickness and the outsidethickn

radius is 1.5 times the material thickness. A bigger radius should be used if part design allows.thickn

INSERTS
Inserts used in plastic parts provide a place for fasteners such as machine screws. The

advantage of using inserts is that they are often made of brass and are robust. They allow for a

great many cycles of assembly and disassembly. Inserts are installed in Injection Molded parts

using one of the following methods:



2017-5-10 Design Guidelines: Injection Molding

https://www.stratasysdirect.com/resources/injection-molding/ 11/17

ULTRASONIC INSERTION

Ultrasonic insertion is when an insert is “vibrated” into place by using an ultrasonic transducer

called the “horn” that is mounted into the ultrasonic device. For optimum performance, the horn

is specially designed for each application. Ultrasonic energy is converted to thermal energy by

the vibrating action, which allows the insert to be melted into the hole. This type of insertion can

be done rapidly, with short cycle times, and low residual stresses. Good melt flow

characteristics for the plastic is necessary for the process to be successful.

THERMAL INSERTION

This method uses a heated tool, like a soldering iron, to first heat the insert until it melts the

plastic, and then presses the insert into place. As the plastic cools it shrinks around the insert,

capturing it. The advantage of this method is that the special tooling is inexpensive and simple

to use. Care does need to be taken not to overheat the insert or plastic, which could result in a

non-secure fit and degradation of the plastic.

MOLDED-IN

To mold inserts into place during the molding cycle, core pins are used to hold the inserts. The

injected plastic completely encases the insert, which provides excellent retention. This process

may slow the molding cycle because inserts have to be hand loaded, but it also eliminates

secondary operations such as the ultrasonic and thermal insertion methods. Finally, for high

volume production runs, an automatic tool can load the inserts but this increases the

complexity and cost of the mold.

LIVING HINGES
Living hinges are thin sections of plastic that connect two segments of a part to keep them

together and allow the part to “hinge” open and closed. Typically these hinges are incorporated

in containers that are used in high volume applications such as toolboxes and CD cases.
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Materials used in molding living hinges must be very flexible, such as polypropylene or

polyethylene. A well designed living hinge typically flexes more than a million cycles without

failure.

GAS ASSIST MOLDING
This process is used to hollow out thick sections of a part where coring is not an option and

sink is not acceptable. Gas assist molding can be applied to almost any thermoplastic, and

most conventional molding machines can be adapted for gas assist molding.
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OVERMOLDING
The overmolding process is when a flexible material is molded onto a more rigid material called

a substrate. If properly selected, the overmolded (flexible material) will form a strong bond with

the substrate. Bonding agents are no longer required to achieve optimum bond between the

substrate and overmold.

INSERT MOLDING

The most widely used overmolding process is insert molding. This is where a pre-molded

substrate is placed into a mold and the flexible material is shot directly over it. The advantage of

this process is that conventional, single shot injection molding machines can be used.

TWO SHOT MOLDING

This is a multi-material overmolding process that requires a special injection molding machine

that incorporates two or more barrels. This allows two or more materials to be shot into the

same mold during the same molding cycle. The two shot molding is usually associated with

high volume production of greater than 250,000 cycles.
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Appendix Q 
Information about the GoPro brand 

GoPro Inc was founded 2002 by Nick Woodman and has since become the dominating 
action camera brand on the market. In 2016 GoPro reported 1.19 Billion US dollars in 
revenue, surpassing all competing action cameras. (GoPro.com, 2016) 
 
The latest additions in the 2016 product lineup include the GoPro Hero 5 Black, GoPro Hero 
5 Session and  the GoPro Karma Drone, see images below.  
 

 
(Left to right) GoPro Hero 5 Session, GoPro Hero 5 Black. 
 
 

 
GoPro Karma drone 

 
 
 

Mounting Eco-system 
All GoPro product are compatible with their mounting system which allows the user to attach 
the camera to different locations. The system itself consists of three parallel plastic plates 
with an axis through which a screw can be tightened, see image below.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GoPro Investor Page. “GoPro Announces Fourth Quarter and Full Year 2016 Results.” 
gopro.com. 
http://investor.gopro.com/press-releases/press-release-details/2017/GoPro-Announces-Four
th-Quarter-and-Full-Year-2016-Results/default.aspx (accessed May 15, 2016) 
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