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Figure 1 The complex shapes and patterns of lost veneer.

Figure 2 An example of original material that was cut away in
order to create a lacuna that is easier to fill. Furthermore, the
pattern of the infills does not match their
surroundings.

there are disadvantages concerning the reversibility and aesthetics of infills. In general, difficulties concerning these types of losses in traditional
restoration practice are twofold. Firstly, because of
the complex shapes of a loss (figure 1), it can be
difficult to make particular infills when no original
material can be taken away. In current practice,
original material is often to some extend sacrificed in order to create a lacuna that is easy to fill
(figure 2). However, this type of treatment is not
reversible. Secondly, creating an infill from natural
veneer that visually flows over into the pattern of
its original surroundings, and thus visually disappears, can be equally difficult. This follows from
the difficulty to find a veneer pattern in a stock
of wood that matches the material surrounding
the lacuna. Specific types of wood or particular
patterns can be scarce. In addition, there may be
ethical problems with use of some endangered
wood species such as rosewood and various types
of tortoise shell and ivory.
This research concentrates on approximating the
shapes and patterns of missing material based on
the information that can be found in the remaining surrounding material. This article describes
the basic mathematics and algorithms that might
form the foundations for a specialized digital tool
that can be used to create infills. On the basis of
these digitally created infills, physical infills can
be manufactured.
Patterns can be described as a construction of
mathematical principles that result in specific
shapes [Feijs, 2017]. They can be based on a rule
or set of rules and may therefore be (partly) predictable. These rules are not necessarily recognizable
by the human eye, but may still be measured and
quantified.
An algorithm is a formula consisting of a sequence
of specified actions that solve a problem. It is
based on an incremental execution; one step has
to be completed in order for the code to go to the
next step [Raes, 2005]. Thus, it starts from an
initial state and input, and after a sequence of
successive states the procedure stops at the last
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Introduction
The reintegration of lost veneer is a frequently
occurring activity in the restoration of wood and
furniture. There is a range of techniques that are
currently used to reintegrate losses of veneer; from
cutting a piece of wood to fit a lacuna to both cutting a piece of wood and the lacuna to fit each
other. In addition, other filling materials can be
used ranging from wood scrapings with glue as a
binder to hard wax to shellac to pigmented plastics.
When carried out professionally, the visual results
of traditional restoration methods of reintegrating lost veneer can be quite unobtrusive. However,
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described state and delivers an output. Depending
on the software the code is based on a specific
digital language with corresponding commands
[Feijs, 2014]. Algorithms can perform tasks that
involve, inter alia, calculations, data processing
and automated reasoning. In theory, everything
can be described or approximated by algorithms,
from daily activities like cooking to digital tools
that can perform approximations of missing material [Feijs, 2014].
These modern techniques based on algorithms
could supplement traditional restoration techniques in order to overcome specific problems concerning the creation of infills that match the pattern
of their surroundings, without removing original
material, thus giving the opportunity to create more
reversible, physically correct and aesthetic infills.
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This research is a search for methods to approximate missing parts of complex shapes and patterns;
which is a necessary foundation for further studies.
Method
This research proposes the use of techniques from
the field of industrial design to the field of conservation and restoration by combining algorithms
and state of the art manufacturing methods with
traditional infill techniques. To clarify the implementation of these techniques, their intended use
is as follows:
Scanning: Make a 3D scan of the lacuna in an object.
Computing: Use the information from the 3D scan
to create a digital infill; approximating not only
its shape but also its pattern; using specific algorithms.
Manufacturing: Use the digitally created infill to
manufacture a physical infill that fits the lacuna,
using techniques such as: 3D printing (additive
manufacturing), 3D miling or laser cutting (subtractive manufacturing), or projecting with light (in
case of a vulnerable object) [Van Bommel, 2018].

Figure 3 The general difference in the precision and accuracy
of outcomes between an interpolation and an extrapolation; the
orange lines are the original pattern and the yellow lines indicate a possible spreading of the outcomes. The interpolation
has a higher precision and accuracy than the extrapolation.

• The three-dimensional shape of the lacuna (this
equals the shape of the lower side of the missing
material) and the shape of its surroundings (to
approximate the upper side of the missing material).
• The pattern of the area surrounding the lacuna (in
order to approximate the missing part of the pattern).
The combination of this data can be used to create a
digital approximation of the missing material.
• From the entire range of scanning techniques that
is currently available, there is a selection that could
potentially be used in the process of creating a digitally approximated infill of veneer, including: laser
scanning, structured-light scanning, reflectance
transformation imaging, infrared reflectography,
X-ray computed tomography and photography.
Data from multiple scans could also be combined,
inter alia, combining a 3D laser scan with photographs.
• The specific use of scanning techniques very much
depends on the context of a restoration project: the
dimensions and shape of the lacuna, the shape and
dimensions of the surrounding material, undercuts, finishing layers and which manufacturing
methods will be used to create a physical infill from
the digital infill.

This research mainly concerns computing techniques and briefly goes into scanning techniques,
thus creating a basis for further research into the
abovementioned and in addition, manufacturing
techniques.

Computing techniques
In order to approximate the shape and patterns of
lost veneer, digital image editing techniques can
be used. Image editing software can be seen as a
digital equivalent of a physical workshop in which
you can make or adapt objects and materials with a
particular set of tools. Similar to the amount of differences between physical workshops (every workshop has its own specialized tools and capabilities),
digital tools come in many varieties [Feijs, 2014].

Scanning techniques
In order to create a digital infill the data of the
loss have to be digitalized. This can be done using
scanning techniques. The scans must include two
sets of data:

Existing digital tools
There are a number of existing digital tools that
facilitate techniques to fill in missing pieces of a
pattern or shape. These are often referred to as
‘image interpolation’ or ’inpainting’ tools [Chan,

Figure 4 (left) The scanned original veneer pattern (Macassar
ebony, Diospyros celebica).
Figure 5 (right) A digitally created test lacuna.

Figure 6 A digitally created infill made with Adobe Photoshop;
the approximated lines do not naturally connect within the infill.

2002], which are a type of image editing or computer aided design (CAD). Inpainting as a digital
technique is similar to non-digital inpainting;
approximating missing areas based on their surroundings.
Image interpolation tools generally approximate
missing data by interpolations and extrapolations.
Interpolations are based on approximating a value
or set of values between two known (sets of ) values

In order to test the results of existing digital tools,
a digital test lacuna was created in a scan of a
wooden surface with a clear pattern (figures 4 and
5). Various types of the tools were tested for their
suitability to make infills within the context of
losses in wood. The main problem is that existing
software generally does not take into account the
nature of the structure of a material and its variations. It might therefore give results that may not
be sufficiently physiologically correct to be visually
discreet. Existing software is not optimized to fill
in missing parts of wood patterns; the software
does not recognize characteristic shapes in a pattern that must correctly connect within an infill.
Instead, they generally merely mirror the surrounding pattern into the lacuna; which often does not
look physically correct (figure 6).
All in all, existing digital tools clearly have limitations, but they are relatively easy to use and could be
sufficient for approximating simple shapes and patterns. However, it might be argued that traditional
techniques are generally sufficient in these cases.
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while extrapolations are based on approximating a
value or set of values extending on only one known
value or set of values. Because extrapolations are
generally based on less data, they are less reliable
(lower precision and accuracy) than interpolations.
In other words, it is relatively less known what data
is missing or how values continue, for example, in
which direction they move (figure 3) [Feijs, 2017].
Extrapolations can certainly be used to approximate a missing part of a pattern, but they should
be used with care.
Many sources use the term ‘image interpolation’.
However, because the principles on which software is based are often unknown it is difficult
to judge if a tool is based on an interpolation or
an extrapolation [Chan, 2002]. Not knowing on
which techniques software is based gives unclarity
on the accuracy and precision of the outcome of a
particular digital tool [Feijs, 2015]. For example, if
one thinks to make an interpolation, but in reality,
it is an extrapolation, the approximation might lie
further from reality than expected [Feijs, 2017].
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Creating specialized digital tools
In the current practice of restoration, it is quite
common to adapt existing tools for specific uses;
one often adapts, inter alia, a chisel, a plane, a knife
or a brush for a specific task. Similarly, digital tools
can be created and adjusted to fit a specific pur-
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Figure 7 An object with veneer in which a series of different
shapes and patterns can be found.
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pose. This type of ‘modern craftsmanship’ can be
a very useful extension to classic craftsmanship in
current restoration practice. Therefore, in order to
overcome the previously mentioned limitations of
existing software, specialized digital tools should
be created.
Specialized tools give the possibility to take into
account the nature of the structure of a material and
therefore have the potential to yield results that are
more physically correct. This especially has added
value in the case of complex patterns that occur in
natural wood. As restorers we do not always know
what kind of shapes or patterns were present in a
lacuna. An algorithm might recognize, interpret
and process material characteristics that we, with
the human eye cannot.
Because this research concerns the visual aspects
of wood, software should be used that is optimized
for programming within a visual context; in which
shapes and patterns can be generated and adapted.
An important part of such software is that it is based
on vector graphics. Vector graphics can be seen as
mathematical paths; points which are connected
by lines and curves to form other shapes. These
shapes can therefore be described with formulas
in algorithms. Creating an approximation based
on vector graphics enables the possibility to take
into account the shapes and patterns surrounding a lacuna in order to approximate an infill. In
addition, digital files based on vector graphics are
compatible with various manufacturing techniques
(3D printers, laser cutters, etc.) in contrast to, inter
alia, bitmap or raster graphics [Feijs, 2015]. Bitmap
or raster graphics consist of a grid of pixels that
is much harder to describe with formulas in algorithms. It is therefore more difficult to recognize,
interpret and process shapes and patterns made
in raster graphics.

Figure 8 A pattern comprised of parallel lines and parabolalike shapes in a rosewood species (Dalbergia nigra) [Kohl,
2007: p. 176].

Software with which specialized vector graphic
based digital tools can be created are, inter alia,
Rhinoceros (with Grasshopper), Processing,
Python, Matlab and Wolfram Mathematica [Feijs,
2017]. These products can be referred to as digital coding platforms and give the ability to write
algorithms.
Another characteristic of this type of software is
that it can be coupled with sensors, virtual instrumentation and actuators. Therefore, a digital tool
can be made to interact with variable input data
[Feijs, 2014]. In the case of missing veneer, the
input could be a scan with data on the three-dimensional shape (or outline) of the lacuna and pattern
of its surroundings.
Describing wood patterns with mathematics
In order to write algorithms that can approximate
missing material based on shapes and patterns that
are commonly found in wood, these shapes and
patterns must first be derived from the material
and mathematically described.

Figure 9 The trunk of a tree,
simplified as a layered cone.

There are many shapes and patterns that can be
found in wood (figures 7 and 8). These result from
the structure of wood and depend on factors such
as wood species, individual trees, parts of the tree,
and in which orientation these parts of the tree
are cut.

Figure 10.1 A conic section resulting in a plane with straight lines.

Figure 10.3 A conic section resulting in a plane with ellipses.

Figure 10.4 A conic section resulting in a plane with parabola.
Figure 10.5 A conic section resulting in a plane with hyperbola.

In addition to this set of conic cuts, other curves can
be seen in wood (figures 7 and 8). These types of
curves can generally be approximated using Bezier
curves. The advantage of Bezier curves over, for
example, Catmull Rom splines, is the addition of
another type of control points which can manipulate the shape of a curve. Where Catmull Rom
splines are based on control points that lie on the
path of the curve, Bezier curves are based on similar
points and additional control points that lie beside
the curve (figure 11). A greater number of anchor
and control points results in an infill that can to a
greater extend be based on shapes in the surrounding material.
The set of shapes and patterns derived from conic
cuts (straight lines, circles, ellipses, parabola and
hyperbola) and additional Bezier curves can be used
to approximate the shapes and patterns that are
present in natural wood. In the next paragraphs
the mathematics of these shapes and patterns will
be used to approximate missing parts.
Algorithms
In this research, algorithms are used to describe the
incremental steps in which missing parts of a shape
or pattern can be approximated. The previously
mentioned shapes and patterns that are commonly found in natural wood can be mathematically
described. This means that when you change the
input values, the shape or pattern changes accordingly (figure 12). Thus, the input values can be
linked to data from the original pattern that surrounds a lacuna. In this way, an infill can be created
that naturally flows over into its original surroundings (figure 13).
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Figure 10.2 A conic section resulting in a plane with circles.

From a mathematical point of view, the trunk of
a tree can generally be seen as a cone. As a tree
becomes older, new growth layers are added to the
cone, resulting in a multi-layered cone (figure 9).
When you cut or section this layered cone, similarly
to cutting the trunk of a tree, this results in a plane.
Depending on the cutting angle, the shapes on the
plane change, resulting in, for example, straight
lines, circles, ellipses, parabola and hyperbola (figures 10.1-10.5).
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Figure 11 A Bezier curve: the dots represent the two types of
control points, some lying on the path of the curve and some
lying beside the curve (note: some lie slightly next to the curve).
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Experiment
As a proof of concept a basic specialized tool
was developed to approximate a missing part of
a veneer pattern (figure 14).[1] The infills that this
specialized tool generated were compared with
the original veneer pattern and infills generated
by existing types of software (figure 15). The digital
data that is created using this tool can be used to
manufacture a physical infill.
Discussion
The approximated patterns that result from this
personal research look roughly similar to the
original (figure 15). The limitation of the current
code is that it can only approximate relatively simple patterns based on line segments. The current
capabilities of the algorithms are similar to what
can be achieved using traditional infill techniques.
However, the use of these types of algorithms gives
the opportunity to create more advanced specialized tools. In order to approximate more complex
patterns, the algorithms can be incrementally

extended with more layers of detail and more complex mathematical principles. Furthermore, this
experiment was conducted with a piece of veneer
with very contrasting pattern elements (light
brown line segments on a black background, figure 15, middle). Many other types of veneer that
are commonly found in furniture have less distinct
contrasts and usually have more gradients between
pattern elements. This makes these elements
harder to digitally distinguish and subsequently
approximate missing material. In order to separate
these patterns into mathematically describable elements, more advanced algorithms are needed that
can visually analyse patterns.
For an approximation to reach a sufficient level of
realism in order to become visually unobtrusive, a
certain level of detail is needed. The level of detail
that is needed, which results from the mathematical complexity of a digital infill, depends on the
context of a restoration project. For example, the
level of detail may vary depending on the distance
from which an infill will be looked at. To make a
visual pattern comparison with an existing stock
of veneer (selecting a piece of veneer with a mathematically similar pattern from a stock), the pattern
of a digital approximation does not necessarily
need to have a high level of detail or complexity.
Possibly, the approximation only needs to consist
of two-dimensional greyscale line segments in the
right dimensions and curvature. This model can be
incrementally extended to include other characteristics such as a more complex colour gradient in
order to make a more specific selection of material
from a stock.
The current code gives results that look roughly
similar to the shapes and patterns of the original

Figure 12 The shape of the curve depends on input values. Changing ‘bezierVertex (85…)’ (above) to ‘bezierVertex (185…)’ (middle
to ‘bezierVertex (485…)’ (below).

material. Although the tool currently only allows
to approximate simple patterns, the type of algorithms on which it is based gives the possibility to
be extended with additional mathematical principles. Thus, more complex patterns can be approximated.

Figure 13 A curved shape with a lacuna (above); the loose
Bezier curve (green) can be adjusted to fit the surrounding pattern (orange) by linking its input values to data from the original pattern (black). Resulting in a restored shape (below). The
red dots show the anchor and control points of the infill.

Continuation of research
The first step in the continuation of this research
is to mathematically describe more characteristics
from natural wood in a digital tool, using algorithms. Practically, this involves adding more visual

Figure 15 A digital approximation made with the specialized tool (left); the original veneer (middle); the digital approximation made with the
image interpolation tool from Adobe Photoshop (right).
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Figure 14 A view of the specialized digital wood approximation tool with the code (left) and the test lacuna (right).
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Figure 16 A basic digital tool for approximating missing parts
of craquelure patterns (note: the parts of the red control lines
outside the white infill still have to be clipped off ).
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layers in which more advanced mathematical concepts influence the pattern of the infill. Thus, creating a more physically correct infill in more complex
patterns. Furthermore, the particular structures
and characteristics of a relevant set of wood species
can be translated into digital models, in order to
be able to approximate a larger spectrum of losses.
This package of layers should then be translated
onto a three-dimensional plane. The shape of the
three-dimensional plane can be approximated
using similar methods as creating missing parts
of a pattern; by interpolating and extrapolating
values from the area surrounding the lacuna. When
this is possible, missing parts in three-dimensional
carvings may be approximated.
Using similar algorithms, other visual aspects that
might characterise wood (and therefore make an
infill visually less obtrusive) could be approximated, such as machine and tool marks or forms of
deterioration like scratches in wood and craquelure patterns on a finishing layer. As a proof of
concept, a basic tool was made that is specialized
in approximating missing parts of craquelure patterns (figures 16 and 17).
Besides the primary function to create infills in
objects, these types of algorithms might also be
used as a reference or guidance in restorations. For
example, to recognize, analyse and compare data
in order to find similarities within and between
objects; think of: manufacturing marks, wood
species, three-dimensional shapes (e.g. woodcarvings), forms of deterioration, etc. On the basis
of research into specialized digital tools, further
research can be conducted into scanning and manufacturing techniques.
When all the abovementioned techniques are perfected, similar steps can be applied to losses in
other materials. Think of materials that are used
within furniture: bone, ivory, tortoiseshell, stone,
plastics, paper, metal, painted surfaces, etc.
Conclusion
As restorers we try to approximate the shapes
and patterns of missing parts of objects based
on material knowledge. In many cases traditional techniques are sufficient for creating visually unobtrusive infills. Similarly, existing digital
‘interpolation’ tools can be used to approximate
relatively simple missing parts of shapes and patterns. However, it might be argued that this type
of software generally does not have many benefits
over traditional methods.
In the case of more complex patterns, like where

the nature of the structure of a specific material manifests itself, specialized digital tools can
complement existing techniques to create more
physically correct infills with shapes and patterns
that flow over into the original material that surrounds a lacuna. An algorithm might recognize,
interpret and process material characteristics that
the human eye cannot.
Such a specialized tool can create infills on the
basis of mathematics that can be found in the structure of a material. When the mathematics behind a
shape or pattern are known or can be approximated, missing parts of that shape or pattern can be
approximated. There are a number of shapes that
can be deduced from natural wood, such as straight
lines, circles, ellipses, parabola and hyperbola. In
order to approximate curves that are common in
wood, Bezier curves can be used.
The data of the approximated pattern can be combined with the approximated three-dimensional
shape of a lacuna. This package of information
gives the complete set of information necessary
to manufacture a physical infill. Because these
algorithms are based on vector graphics, a large
spectrum of manufacturing methods can be used
to create a physical infill.
These algorithms can also be made to approximate
missing data on other visual aspects that might
characterise wood. This could include machine
and tool marks, forms of deterioration like scratches and craquelure patterns on a finishing layer.
Besides wood, missing parts of other materials
might be approximated, such as bone, ivory, tortoiseshell, stone, plastics, paper, metal, painted
surfaces and rare or other ethically or legally
restricted varieties of materials.
These algorithms could primarily be used to create infills. However, they might also be used for
research into recognizing and analysing shapes
and patterns within and between objects.
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Figures 17a, 17b A painted surface before (above) and after (below) digitally generating a craquelure pattern that flows over into
its surroundings.
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The next step of this research will be a more thorough investigation into the mathematics that can
be found in natural wood, followed by translating
these shapes and principles into three-dimensional
models. On the basis of which further research
can be conducted into appropriate scanning and
manufacturing techniques.
The added value of these techniques is creating an
infill with a pattern that flows over into the surrounding pattern and the possibility of leaving the
surrounding original material intact by creating
a physical infill that fits the lacuna. However, it
is important to realise that these modern crafts
are a similar extension of the human hand as a
manual chisel or brush; classic craftsmanship is
still needed to realise fine results.
In conclusion, the creation of specialized digital
tools to approximate the shapes and patterns of
missing material could be a beneficial addition to
the traditional set of tools that are used to create
infills in restoration.
Acknowledgements
Herman den Otter and Miko Vasques Dias, lecturers wood and furniture conservation, University
of Amsterdam. Loe M.G. Feijs, lecturer from the
Bachelor’s and Master’s programme of Industrial
Design, Eindhoven University of Technology; Feijs’
Creative Programming, Digital Craftsmanship and
Golden Ratio & Generative Arts courses and supplementary meetings were an essential inspiration
for this research.
Vidar Thijssen
Furniture conservator in training
University of Amsterdam, Amsterdam, the
Netherlands
viking3vic@hotmail.com
Notes
1 This part of the research was conducted with
the help of prof. dr. ir. Loe M.G. Feijs, which
started during the Master’s elective ‘Golden ratio
and generative arts’ at the faculty of Industrial
Design, Eindhoven University of Technology.
This research continued during the Master’s
thesis that was part of the Master’s programme
Conservation & Restoration of Cultural Heritage,
faculty of Humanities, University of Amsterdam.
Photo credits
• Unless otherwise specified, figures are property
of the author Vidar I.C. Thijssen.

Literature
• Van Bommel, M.R., F.B. van Adrichem, &
J.J. Boonstra, (2018), ‘Bringing Back Color:
Retouching Faded Furniture With Colored
Light’, AIC Wooden Artifacts Group Postprints,
Houston, Texas, 2018, pp. 95-109.
• Briggs, John, ‘Fractals. The patterns of chaos,
discovering a new aesthetic of art, science and
nature’ Touchstone, 1991.
• Chan, Tony, e.a., ‘Image inpainting’ math.ucla.
edu 2002. May 2018. <http://www.math.ucla.
edu/~imagers/htmls/inp.html>
• Feijs, Loe M.G., e.a., ‘Creative programming’
[Bachelor’s course] Eindhoven University
of Technology, Faculty of Industrial Design.
Eindhoven: LaPlace, 2014.
• Feijs, Loe M.G., e.a., ‘Digital craftsmanship’
[Bachelor’s course] Eindhoven University
of Technology, Faculty of Industrial Design.
Eindhoven: LaPlace, 2015.
• Feijs, Loe M.G., ‘Golden ratio and generative
arts’ [Master’s course] Eindhoven University
of Technology, Faculty of Industrial Design.
Eindhoven: LaPlace, 14-11-2017, 18-01-2018.
• Feijs, Loe M.G., ‘Golden ratio and generative
arts’ [Post-course support] Eindhoven University
of Technology, Faculty of Industrial Design.
Eindhoven: Atlas, 01-10-2019, 03-02-2020.
• Fry, Ben, Casey Reas, ‘Processing’ processing.
org November 2017 <https://processing.org/>
• Jun, Hu, e.a., ‘Wiki’ wiki.id.tue.nl November
2017 <http://wiki.id.tue.nl/>
• Kohl, Friedrich, ‘Furniere: ein Fritz KohlHandbuch’ Furnierwerk Fritz Kohl, Karlstadt:
2007.
• Kopp, Peter, e.a., ‘Modern techniques meet traditional skills. Reconstruction concept of approximately 2400 m2 of wooden wall panelling.’ In:
Miko Vasques Dias (ed.), Proceedings of the 11th
international symposium on wood and furniture
conservation, Reproduction and reconstruction in furniture conservation, Amsterdam: Stichting Ebenist,
2012. pp. 165-175.
• Reas, Casey, Ben Fry, ‘Getting started with processing’, O’Reilly, 2005.
• Steward, Ian, ‘Over sneeuwkristallen en
zebrastrepen. De wereld volgens de wiskunde’,
Uniepers, 2001.

