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04. Market Context
Timeline -- sales, process, predictions

The dental care market is huge. In the Netherlands 
alone, 2019 sales are expected to mount to $401 mil-
lion dollars (Statista, 2019). The exact distribution of 
this budget is difficult to establish, but figures indi-
cate that around a fourth to a third of this spending 
can be attributed to toothbrush sales (https://www.
grandviewresearch.com/industry-analysis/oral-care-
market). 

With around a third of western residents using elec-
tric brushes (De Gallier, 2017), and an average re-
placement duration of five years, an estimate of 
yearly sales of electric toothbrushes would amount 
to around 1 million units in the Netherlands. As the 
average price of an electric brush is around 55 dol-
lars (Gordon & Tawitchai, 2015), just the base models 
themselves should account for some 55 million yearly 
revenue.

Unfortunately, Dental Robotics cannot hope to com-
pete with the vast majority of these sales. Accord-
ing to Dentistry IQ (2017), the three most popular 
toothbrushes are all mid-range products of 55 to 100 
euros, which tends to include several replacement 
brush heads. Compared to the target purchasing 
price of around 150 euros (see chapter 70, this is not 
the same segment.

When Oral-B first released their connected tooth-
brush, which retailed for a price of 150 to 250 euros, 
they reported 250,000 weekly users after six months 
of sales (Mirani, 2015). Oral-B traditionally accounts 
for some 40% of the toothbrush market, implying 
that early-adopter international high-end toothbrush 
users could amount to some six or seven hundred 
thousand individuals.
Assuming that Dental Robotics can approach some 
1 - 3% of this number of users (given that the custom 
Air One provides more use than a smartphone-con-
nected toothbrush, but that Dental Robotics have 
neither the brand name nor the marketing budget 
of Oral-B or Philips), one would expect between five 
and twenty thousand sales over the first half year of 
production.

These figures are, of course, very coarse estimates 
based on very approximate data. They do, however, 
agree with the performance of Kickstarters like that 
of Amabrush (n.d.) which attracted some 25,000 ini-
tial backers even without proof of performance.



07. Requirements
Requirements Preferences
Functional

The product covers at least P3-97 of adult arch di-
mensions

The mouthpiece should be capable of dealing with 
small changes in gum line and interdental location.

The product is demonstrably more effective in 
cleaning at least 30% of anatomies than the standard 
model

The mouthpieces should clean the largest amount 
of plaque possible, with a focus on the plaque in 
high-curvature regions

The product is capable of effectively cleaning teeth 
regardless of wisdom tooth eruption

Maintenance difficulty should be kept to a minimum

The product is capable of effectively cleaning teeth in 
the case of minor hypodontia
The product is capable of effectively cleaning teeth in 
the case of severe crowding or tooth misalignment
The product cleans plaque from interdental regions 
and gum lines more effectively than the standard 
mouthpiece used on the same set of teeth
The product supports nylon bristle tufts either

In the case of permanent dentitions, the interden-
tal cleaning remains effective for more than three 
months without losing alignment
The product is physically compatible with the Air 
One handle without adjustments, discounting 
changes in the software settings
Safety

The product does not exercise enough force to harm 
the user
Materials and surface characteristics are safe for oral 
use
The product does not cause a gag reflex when used 
on the appropriate user
The product does not contain components which 
individually pose a danger to the user, regardless of 
assembly
The product is capable of being rinsed with hot or 
cold water without degradation
Water retention does not lead to defects in either the 
mouthpiece or the handle
Quality

Under normal use, the product does not lose air-
tightness within six months of purchase

Product lifespan should be extended as far as possi-
ble

Custom features correspond to the user’s teeth to 
within 1mm tolerance

The main failure mode of the product should be 
non-catastrophic.



Requirements Preferences
The product does not retain visible characteristics of 
additive or subtractive manufacturing
Bristle defects occur no more than once per mouth-
piece
The product does not retain visible characteristics of 
automatic processing
Manufacturing

After obtaining the dental data, manufacturing of 
the first mouthpiece occurs within one work week

The time between scan and delivery should be kept 
to a minimum

Time from scan to delivery is no more than three 
weeks

Manufacturing and assembly should be minimally 
complex

Timing

The product can be put into serial production within 
one year of the graduation date

The production technology should require minimal 
research and development before implementation

The product can be redesigned to be compatible 
with new iterations of the Air One if necessary

The production process can be adapted after initial 
implementation without prohibitive costs

Economic

Upfront investments for the customer are no more 
than 150 euros, including the 3D scan

The variable costs of the mouthpiece should be min-
imised

Replacement mouthpieces are obtainable for less 
than 25 euros

Costs should be presented according to a system that 
minimises apparent cost to the consumer

Mouthpieces last the user at least 3 months

Investment costs excluding variable costs for the 
company do not exceed 30,000 euros, including 
manufacturing hardware, software development, and 
mould prices
Aesthetic

The product does not present an intense or unpleas-
ant taste, scent, or texture

The product should not come across as overly ‘or-
ganic’ in nature to prevent repulsion

The product does not feature any uncomfortably 
sharp edges or details

The product should be as visually similar to the 
standard mouthpiece as possible without sacrificing 
accuracy

The product does not exert painful pressure on the 
gums or teeth
The product does not extend unnecessarily beyond 
the second molars
The product can easily and reliably be aligned with-
out visual cues
The product should be sufficiently flexible to allow 
for comfortable insertion and intra-oral manipula-
tion



08. First stage ideation





09. Second stage ideation











10. Third stage ideation





11. Data Processing
11.1. Dental scanning approach

Dental scanning generally occurs in one of two ways: 
either directly, using an ‘intraoral’ scanner, or indi-
rectly, by taking an elastomeric impression of the pa-
tient’s teeth, making a plaster impression, and scan-
ning this impression using a desktop scanner.
Intra-oral scanners typically consist of a wand-like 
component which is manually moved across the pa-
tient’s teeth in multiple sweeps to create a coherent 
mesh. They require some expertise to operate effec-
tively. Depending on the model, they are used in con-
junction with a powder to prevent reflective distor-
tions, or without (Hategan et al, 2018).

The general consensus is that intraoral scanners will 
slowly overtake the market, due to increased accura-
cy, speed, convenience, and patient comfort, but this 
process is like to be slow. According to Idata (2016), 
the traditional impression market is not expected to 
reduce until 2023, when intraoral scanners and their 
computational requirements become more afforda-
ble and result in a more attractive return on invest-
ment.

This is not the only detail that complicates the avail-
ability of 3D scans to the general public. Currently, 
both intraoral and desktop scanners are overwhelm-
ingly marketed as a tool for orthodontists and dental 
laboratories (Optimet, n.d.). Unfortunately, orthodon-
tist patients are not suitable as a target market for 
custom toothbrushes, as their dental anatomy is like-
ly to vary much more than that of the average person. 
Conversely, dentist patients are more likely to require 
a custom toothbrush, but less likely to have access to 
the necessary equipment.

The goal of this project is to achieve product viability 
within a year of graduation. Considering that dental 
scans are unlikely to be universally available to the 
target market at this point, it may prove very useful 

to provide a scanning service at the place of man-
ufacture. The dentist makes a traditional dental im-
pression and physically sends this impression to the 
manufacturing facility, where an automated desktop 
scanner is used to create a digital impression. This 
has the advantage of reducing the amount of exter-
nal work required, and guaranteeing that these scans 
have a consistent resolution, quality, and orientation.
Scanners like the 3Shape E1 are in the range of 8,000 
euros (Skillbond, 2019), and should fully automate 
the scanning process, supporting resolutions well 
above the minimum required values. With a process-
ing time of around one minute, a properly manned 
scanner should be able to process several hundred 
impressions a day--a limit which is unlikely to be ex-
ceeded in the near future.



11.2. Dental segmentation

Interdental regions can be found by means of an in-
tersection that connects with all teeth. In the case of 
a planar dental arch, this can be done by means of a 
transverse plane that connects with the cusps of the 
teeth, and is subsequently lowered.

To take into account non-planar dental arches, how-
ever, the methodology must necessarily be more 
complex. By projecting the outline of the mesh onto 
the ‘mirror plane’ of the model, the maximum cusp 
locations become apparent.

This projection can subsequently be simplified, low-
ered, and extruded by set amounts to provide a rea-
sonable intersection surface.



The resulting intersection can be split into a facial 
and lingual section by means of the Y-maxima, and 
evaluated by its curvature to yield likely points for in-
terdental regions.

A simple solution for approximating gum lines in-
volves taking the intersection curve that was attained 
during the first step of the algorithm, and finding a 
large number of points on this intersection.



From each of these points, a vertical line is drawn and 
projected onto the mesh surface.The most likely loca-
tion for the gum line is then defined by the location 
on this line with the highest curvature. 

Interpolating between the highest curvature points, 
weighted in terms of proximity to the intersection 
curve, returns an approximation of the gum line.

Unfortunately, not even gum line proximity weight-
ing can account for extreme local curvatures gen-
erated by gum irregularities or the fact that not all 
curvatures are aligned vertically. This results in highly 
unreliable tooth boundary curves.



As the boundaries between teeth and gums are typ-
ically defined by a high concave curvature, region 
growing algorithms can be used to expand from a 
point which is certain to be on the tooth surface (the 
“seed point”) until a concave curvature threshold is 
encountered on all sides.

Using the previously established interdental region 
detection algorithm, establishing seed points is triv-
ially done by evaluating the intersection curves per 
tooth. Using multiple seed points prevents a single 
misaligned face or sharp mid-tooth curvature from 
interfering.

Running a region growing algorithm from these 
points is possible, but computationally extremely ex-
pensive due to the size of the mesh face sets that 
need to be maintained and compared. This problem 
can be circumvented by using the interdental points 
to establish ‘bounding boxes’ which encapsulate the 
individual teeth, massively reducing the number of 
points that must be evaluated at any given point dur-
ing the calculation.



Once the teeth have been given their own individual 
meshes, these meshes can be reduced further using 
the initial intersection curve. Firstly, the areas above 
the curve can be discarded as definitely belonging 
to their respective tooth. Secondly, the meshes can 

be split into their facial (outward-facing) and lingual 
(inward-facing) counterparts. This both reduces the 
face count of individual meshes and allows facial 
and lingual segments to be evaluated with different 
thresholds.

Once the meshes have been reduced as far as pos-
sible, the region growing algorithm can be started. 
Starting with the seed faces, every neighbouring face 
is checked. A vector is drawn between the centre of 
the current face and that of the neighbouring face. 
If the dot product of this vector and the neighbour 
face’s normal vector is positive, the neighbouring 

face is treated as convex. Otherwise, it is considered 
concave. The corresponding threshold value is eval-
uated: if the neighbouring face falls within the estab-
lished thresholds, the face is included in the list of 
faces that are part of the tooth. All faces that are con-
sidered part of the tooth are evaluated this way until 
no more unevaluated neighbours remain.



The edges of this face collection, however, are still 
ragged and sensitive to the noise inherent to a dental 
scan.

Once the edges have been simplified to reduce noise 
levels, the curves are ready to be used as boundaries 
for the tooth meshes.



Subsequently, the facial and lingual meshes can be 
rejoined to reform the individual teeth.

While Rhino does not have a curve distance evalua-
tion function, this can be emulated to within safe tol-
erances by sampling a large number of points across 
the generated curve, and calculating their distance to 
the closest point on the target curve.

The result of this evaluation, for a set of four dental 
scans (two maxillas and two mandibles) averages out 
at 0.467mm. Note that these scans are not guaran-
teed to be representative, as only successfully pro-
cessed scans could be evaluated.



This process results in a largely accurate gum line 
evaluation, which nonetheless is not yet within man-
ufacturing tolerances. With some additional devel-
opment, however, it would be fairly trivial to devel-
op an interface which allows an operator to adjust 
errors through control point manipulation. As the 
scans only have relatively few inaccuracies, the time 
required to adjust these points is probably in the re-
gion of two minutes (as estimated from a few tries 
using Rhino control points), meaning that the manual 
work required should not have a major impact on the 
costs of manufacture.

Over time, as the availability of high-quality and even 
coloured intra-oral scans increases, it may be viable 
to apply a texture-based segmentation technique in-
stead. This would drastically improve accuracy, pro-
cessing time, and reliability, but depends entirely on 
widespread adoption of this technology.

The following is a direct copy of the region growing 
algorithm used to segment dental scans.

import rhinoscriptsyntax as rs
import Rhino
import Rhino.Geometry as rg

from System import Object
from Grasshopper import DataTree
from Grasshopper.Kernel.Data import GH_Path

Faces = []

DistTresh = 4

pMesh = rs.coercemesh(Mesh)
pMesh.FaceNormals.ComputeFaceNormals()
faceList = pMesh.Faces
faceNormalList = pMesh.FaceNormals
faceCentreList = []

Processing = []
Processed = []

Regions = []
RegionIndices = []
Centres = []

def raggedListToDataTree(raggedList):
    rl = raggedList
    result = DataTree[object]()
    for i in range(len(rl)):
        temp = []
        for j in range(len(rl[i])):
            temp.append(rl[i][j])
        path = GH_Path(i)
        result.AddRange(temp, path)
    return result

def procNeighbours(ProcFace):
    ProcNormal = faceNormalList[ProcFace]
    ConnectedFaces = rg.Collections.MeshFaceList.
AdjacentFaces(faceList, ProcFace)

    for i in range(len(ConnectedFaces)):
        ConNormal = faceNormalList[ConnectedFac-
es[i]]
        ConAngle = rs.VectorAngle(ProcNormal, Con-
Normal)
        if ConAngle < TresholdAngle:
            CentreVec = rs.VectorCreate(-
faceCentreList[ProcFace], faceCentreList[Connected-
Faces[i]])
            dot = rg.Vector3d.Multiply(ProcNormal, 
CentreVec)
            if(dot > DotThresh):
                Processing.append(ConnectedFaces[i])

def reportValues():
    Regions = Processed
    for i in range(len(Regions)):
        RegionIndices.append(Regions[i])
        Centres.append(faceCentreList[Regions[i]])

def getCentres(mesh):
    for i in range(rs.MeshFaceCount(mesh)):
        faceCentreList.append(rg.Collections.Mesh-
FaceList.GetFaceCenter(faceList, i))

getCentres(pMesh)

for i in range(len(SeedFaces)):
    Processing.append(SeedFaces[i])
    while len(Processing) > len(Processed):
        Unprocessed = set(Processing).difference(-
set(Processed))
        try:
            ProcFace = Unprocessed.pop()
        except KeyError:
            break
        procNeighbours(ProcFace)
        Processed.append(ProcFace)
reportValues()



The following section covers the FDM material used 
for the main body of the toothbrush. As bristle 
sheets are not considered a part of this assignment, 
their material choice is not covered.

12.1. Shore hardness

The standard mouthpiece is made up of a relative-
ly hard TPE: its shore hardness hovers around 85A. 
This surprisingly high rigidity (given the context of 
Soft Robotics) is necessary because the bristles are 
fabricated as a part of the TPE cast--a low hardness 
also results in bristles which may not be capable of 
successfully removing plaque.

As the custom mouthpiece has its flexible mem-
brane fabricated separately from the bristle sheet, its 
material choice is slightly more nuanced, and inher-
ently interwoven with the manufacturing technolo-
gy.

FDM manufacturing is typically slowed down as the 
material becomes more flexible (Grames, 2018.1), 
with recommended printing speeds lower than 
20mm/s not being unheard of. This can increase 
the cost and lead times of custom mouthpieces 
by a considerable amount. By contrast, NinjaTek’s 
‘Cheetah’ line (Fenner Drives, 2018) runs at a speed 
of 60mm/s. This material, however, boasts a shore 
hardness of 95A.

A worthwhile note is that unlike in the case of an 
injection moulded part, FDM printed parts are free 
to be manufactured with reduced material density 
or altered patterning. This means that higher shore 
materials can effectively ‘simulate’ more flexible 
materials using a (directionally) patterned structure, 
reducing the resistance of the surface.

Consequently, materials with higher hardness can 
produce equivalent structures with reduced materi-
al and printing times. That being said, traditionally 
rigid materials like ABS would require a mesh with 
such low density that it may influence the surface 
integrity and resolution of the print.

Given these properties, it is more sensible to use 
filaments in the 95A range of hardness. This means 
that the print can be produced relatively quickly, and 
depend on its structure for the required flexibility, 
while retaining a sufficient density at high flexibility 
to support the thermoformed material.

12.2. Chemical composition

Most semi-flexible, FDM-printable materials are 
classified as TPUs. This includes the highly popu-
lar Ninjaflex filament line (Fennek Drives, 2018.2). 
Usually, however, these TPUs are not considered 
biocompatible, and may produce toxic effects. Other 
classes of TPE are more likely to be biocompatible, 
but tend not to satisfy the preferred shore hardness 
ratings.

TPUs are generally divided into two categories: 
polyesters and polyethers (PSI, 2019). Polyesters, 
being the more physically resistant class of TPUs, 
are often considered the ‘go-to’ TPU. Polyethers, 
however, have a few highly relevant advantages: 
primarily, they are hydrolytically stable (they do not 
absorb water readily), which is absolutely essential 
for a bathroom product. They also perform better in 
the face of abrasive wear, and are less resistant to 
solvents. Given the assembly method proposed in 
chapter 12, resistance to solvents is actually a disad-
vantage which increases the cost of manufacture.
An additional distinction which is sometimes made 
(aromatic versus aliphatic) is of lesser importance.
Biobased

A recent and prominent development in toothbrush 
manufacture is the application of bio-based mate-
rials. Examples such as the Humble Brush (Humble 
Co., 2019) and TePe’s GOOD (2018) have gained 
popularity for their sustainable design.
This being an essentially novel market segment, it 
does not seem necessary from an economic stand-
point to distinguish the mouthpiece as environmen-
tal. Should Dental Robotics feel ethically or mone-
tarily motivated to choose a more bio-based plastic, 
however, several initiatives are engaged in using 
sugar cane-derived polyether diols for polyurethane 
production (though full substitutes are not currently 
available). (UTech, 2009)

12. Production detailing



12.3. Material and processing

Considering the requirements outlined above, not 
altogether too many materials are both biocompat-
ible and suitable for extrusion and FDM printing. 
Xiao & Gao (2017) have shown that FDM manufac-
ture is possible using extruded TecoFlex LM-95A, a 
medical aliphatic polyether-based TPU. This ma-
terial--which has been extruded on an industrial 
scale before (IPE, 2018)--satisfies all requirements of 
biocompatibility, approximate shore hardness, and 
manufacturability, as well as chemical and hydrolytic 
resistance. It was also shown to be printable at unu-
sually high speeds of up to 120mm/s.

The unusually high price of this material, however 
(40 to 70 dollars, according to a sales representative) 
means that Dental Robotics may find it worth their 
time to invest in experimentation with other food 
grade TPUs. Generic suppliers offer wet food-grade 
polyether TPUs of around 3-5 dollars per kg, which 
could dramatically reduce the manufacturing price.



Solvent Absorption
Tecoflex®  TPU
24 hours @23°C, ASTM-D 570

Solvent, TPU

Acetonitrile

Acetone

Caster Oil

Chloroform

Cyclohexane

Cyclohexanone

Cyclopentanone

Diethylether

Dimethylacetamide

Dimethylformamide

Dimethylsulfoxide

Dioxane

Ethanol

Ethylacetate

Hexane

Isopropyl alcohol

Methanol

Methylene Chloride

Methyl Ethyl Ketone

Tetrahydrofuran

Toluene

Trichloroethane

Normal Saline (0.9% Sodium Chloride) 

1N HCI (Hydrochloric Acid) 

1N NaOH (Sodium Hydroxide) 

PEG 300

PolyPropylene Glycol

Polysorbate - 80

% wt Increase

EG-60D

9

40

0

PD

2

60

100

20

PD

PD

25

125

20

40

2

10

30

975

60

PD

65

PD

1

0

0

0

0

0

EG-65D

8

40

0

D

1

60

135

25

PD

PD

35

175

25

55

1

14

35

850

65

PD

80

PD

1

1

1

0

0

0

EG-68D

7

35

0

D

1

60

125

25

PD

PD

35

150

20

45

1

12

30

525

60

PD

70

PD

1

1

1

0

0

0

EG-72D

6

30

0

PD

1

45

85

15

PD

PD

45

95

17

35

0

9

20

500

50

PD

55

PD

0

0

0

0

0

0

EG-80A

25

95

3

D

35

230

425

80

PD

D

14

350

50

175

17

35

55

D

275

D

350

PD

1

1

1

1

0

1

EG-85A

19

65

2

D

20

150

250

55

PD

PD

16

250

35

100

13

25

40

1050

125

PD

175

PD

1

1

1

0

0

0

EG-93A

12

45

0

D

5

80

175

30

PD

PD

20

175

25

55

3

13

30

950

80

PD

90

PD

1

1

1

0

0

0

EG-100A

11

45

0

D

3

80

175

30

PD

PD

35

225

30

65

2

17

40

1300

75

PD

100

PD

1

1

1

0

0

0
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Figure 01. Solvent efficacy for an aliphatic polyether TPU (Lubrizol, 2014)



12.4. Form and colour studies





12.5. Qualitative prototype results

Active mandible

Passive mandible






