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D2.1 Action and affordance modelling s

Executive summary

Section 1 provides an introduction to the purpose and scope of this deliverable in the Craeft project. In
addition, it comments on the purpose of each section and provides definitions of concepts used in this
deliverable.

Section 2 reviews the literature, software products, and past projects to establish the state-of-the-art
simulation of crafting actions. Section 2.1 reviews the theoretical modelling of crafting actions from a
cognitive, ontological, and semantic perspective. Next, in Section 2.2, we review simple craft simulators
available today. Thereafter, we review craft presentation systems that visualise crafting actions,
although not simulators. Section 2.4 reviews the few existing visual simulations for crafts, that is,
software that predicts the appearance of craft products. In this context, we also review a rendering
system that we intend to use to simulate the appearance of transparent and shiny objects. Section 2.5
reviews the state-of-the-art in producing scientific simulations and, specifically, the Finite Element
Method, aimed at mechanical simulations and its application in crafting actions. In the same section,
we furthermore review textile modelling software and applications and select one of them as a tool
that we will use. In Section 2.6, we review robotic re-enactments of crafting actions because the
reproduction of actions by robots implies precise definitions for how they are executed.

In Section 3, we define our approach towards action and affordance modelling and identify the
elements of crafting actions that we need to consider in the design of simulations. These are (a)
environmental conditions, (b) physical properties of materials, (c) object shape and pose and (d) causing
entities (forces, motions). These elements are modelled to have a state that varies over time. Object
shapes are modelled in a volumetric mesh (tetrahedra or hexahedra), and the rest are physical
guantities in the SI system.

Actions are classified under four classes, (1) additive, (2) subtractive, (3) interlocking, and (4) shaping
actions. The causing entities of actions are identified, and two approaches are chosen to
computationally model them: force-oriented and motion-oriented. The first aim is to investigate the
force required to achieve an action on a specific material. The second is suited to the re-enactment of
actions from motion recordings. Auxiliary actions, namely waiting and moving objects, were identified.
All actions were mapped to the Maker-Material-Negotiation model in D2.2.

Affordances are modelled based on the physical properties and behavioural models of materials.
Behavioural models determine how materials behave when affected by an object or force and, in our
case, regard damage and plasticity models. Given the actions of interest, we corresponded actions of
interest to material properties and behavioural models.

Section 4 links this deliverable with D2.2 and specifically the Maker Material Negotiation model, which
is there developed. In that section, we identified the ontology of the four action classes in terms of the
objects that are created, transformed, or ceased during the (simulated) actions. Furthermore, we
identify two auxiliary actions, namely waiting and moving. At the end of this section, we present the
action description template that we used to model archetypal actions; each action archetype presented
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is modelled first by completing this template and next by transcribing the template contents in the
definition of an action to be simulated.

In Section 5, we first (in Section 5.1) present our technical approach to simulation, using the Finite
Elements Method and its implementation. We define simulation inputs and outputs in a way that they
can be integrated with third-party software and, in particular, with the Unity engine which we will use
to create training applications for crafts. In Section 5.2, we simulation archetypes are designed so that
we can later on instantiate them to craft-specific simulators, by determining the material properties
and behavioural models for each case of material. Subclasses of the four generic action classes (add,
subtract, shape, and interlock) that correspond to crafting actions of interest were implemented and
tested under varying conditions, action parameters, and materials types. For each subclass, the results
produced volumetric animated meshes that represent the evolution of the material structure during
the action and after it, for elastic materials. Each subclass was also semantically annotated using the
Arts and Architecture Thesaurus, so link actions with their verbal descriptions. Finally, in Section 5, we
tested the combination of actions into processes, providing three indicative examples. For the
reproducibility of the results, we stored the inputs and outputs of these simulations in the Zenodo
platform at: https://zenodo.org/records/10567707

In Section 6, we describe how the simulators we create can be exported to software that implements
virtual and immersive environments. As the Unity game engine is our implementation tool for these
environments, this section describes the technical method of the interface between the Simulia Abaqus
outputs and the Unity game engine.

Section 7 concludes this deliverable and outlines the next steps of work.
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1. Introduction

This deliverable aims to deepen our understanding of the workings of a practitioner when creating craft
products. The reasons we have to do so stem from our goals to contribute to the education and training
of new practitioners, with safety and with conservation of material and energy resources. For this reason,
we wish to model crafting actions, so that we can simulate them and create educational and training
applications.

The above goal makes a step forward from the work done in the Mingei IA, where we have modelled
crafting processes “phenomenologically”. That is, in Mingei, our representation was purely descriptive;
crafting processes were described in terms of plans (process schemas) and their execution (processes).
Tools, materials, and actions were described verbally and associated with images and videos that illustrate
them.

In this work, we wish to make a step further and understand the mechanisms that underpin the
transformation of materials into craft products. To prove the validity of our understanding we borrow
Marr’s idea [49] that (in our own words and understanding) says that if you say that you understand an
activity you should be able to recreate it.

In this sense, our understanding aims to obtain the potential to be able to electronically recreate the
activities of the practitioner and be able to predict the outcomes of practitioner actions. Although in
Section 2 we review the robotic implementation of craft actions, our goal is not to train robots but
humans. Robotic technologies have a place in the crafts of the future, but only for tedious, unhealthy and
menial tasks; not for tasks that involve “care, judgement, and dexterity” [20].

As a first step towards this goal, we approach mechanical simulation, which is based on Physics, Materials
Sciences, and Mechanical Engineering. This enables us to understand the mechanical actions performed
by the practitioner and predict their outcomes, which is useful because we can then develop educational
and training tools based on this understanding. This version of the deliverable focuses on this, mechanical
understanding. In the next version, we will also focus on the cognitive actions employed by the
practitioner, mainly judgement and the way that practitioners make decisions and design products. The
goal of mechanical understanding takes us to the real simulation, which is a way to electronically
“recreate” crafting actions and, generatively, predict their outcomes. Generatively here means that the
outcome of the simulations is not only the induced motions and exerted forces due to practitioner actions,
but also the “product” of the action of the practitioner, that is the transformed material(s).

Another goal that Craeft has is generality. That is, besides the simulations we achieve for our
Representative Craft Instances (RCls), we wish to be able to extrapolate our methodology of
understanding for virtually all crafts. For this reason, our approach has the following two characteristics:

1. The analysis of crafting activities into elementary actions.
2. The modelling of actions using archetypes that capture the mechanical principles but can be
instantiated multiple times, for similar materials, tools, and action parameters.

Using this approach we create a vocabulary of archetypes which can be reused for multiple craft instances,
beyond the scope of Craeft. Our initial classification of actions into four categories (Add, Subtract,

Craeft D2.1 7/59



D2.1 Action and affordance modelling s

Transform, Interlock) is refined based on the datasets collected in WP1, where we had the opportunity to
observe actions in detail and identify subclasses of these categories. In this deliverable, we provide
archetypal simulations for these subclasses.

In Section 2, we review simulations of craft actions and methods that exist in the literature, indicating that
there are not many, with an exception being textiles due to the industrialisation of their manufacturing.
Our quest to find a way to generically simulate the diverse mechanical actions encountered in crafts led
us to Finite Element Analysis (FEA) and Finite Element Methods (FEMs) that enable mechanical engineers
to analyse and visualize the behaviour of components and systems in a simulation before physical
prototypes are built. Similarly to our goals, FEMs help engineers in optimizing designs, reducing costs, and
ensuring that mechanical systems meet performance and safety requirements. FEA software tools are
important in facilitating these simulations by providing programmable and user-friendly interfaces, as well
as robust solvers for solving the complex sets of equations involved.

In Section 3, we explain our rationale for the modelling of simulations and identify the elements that we
need to model to achieve them. Our analysis is guided by Gibson’s ideas [16] of modelling decisions and
actions, also known as the theory of affordances, which we interpret in the context of tools and material
properties.

In Section 4, we provide a link to this deliverable with D2.2 where actions are semantically and
ontologically modelled. In this deliverable, we focus on software modelling of the entities transformed,
composed, ceased or created, so that we appropriately organise the inputs and outputs of our
simulations. As our goal is the understanding of crafting actions, we link actions to their semantic
representations.

In Section 5, we present our technical approach towards the implementation of mechanical simulation
using FEA and present multiple archetypal simulations that we developed. The simulators developed have
been prioritised as to their necessity. Specifically, we did not delve into the simulation of textile
manufacturing because this work has been well covered by the industry; thus, for textile modelling, we
adopt an open-source simulator (TexGen) that is reviewed in Section 2.

To formulate the proposed approach, we use the following definitions.

e We refer to the scene as the workspace where the craft is exercised. Scene elements are the
objects in the scene. Scene properties are the environmental properties, such as temperature.

® A tool is an object or body member employed to make use of an affordance it bears [16], e.g.,
scissors provide the affordance of cutting. A machine is an apparatus comprised of Archimedean
Simple Machines. An action is an event that consists of doing something intentionally by some
agent of action [50]. An activity is a set of actions carried out by one or more persons. Thus,
activities are events. The entities involved in the crafting process are either endurants or
perdurants, corresponding to “continuants” and “occurrents” [17] in Basic Formal Ontology,
respectively. Endurants are entities which exist in full in every instant at which they exist at all.
Perdurants are entities which unfold themselves over time in successive temporal parts or phases.
Endurants are materials, tools, machines, workplaces, and craft products. Perdurants are actions
and natural phenomena.

e A crafting process is a set of activities that transform materials into articles of craft. A workflow is
an orchestrated and repeatable activity, enabled by the organisation of resources into processes.
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A crafting process schema is a representative prescription for how a set of activities should
operate in a workflow to regularly achieve desired outcomes [18]. To refer to parts of a process
schema or process, we say that they are comprised of step schemas and steps, respectively,
independently of their depth in the process schema or process.

e Mechanical advantage is a measure of the force amplification achieved by using a tool, mechanical
device or machine system [32]. The device trades off input forces against movement to obtain a
desired amplification in the output force. The model for this is the law of the lever.

It is noted that the definitions above are included in D1.1, as part of an “interdisciplinary vocabulary”
that we created to facilitate collaboration between partners of different disciplines.
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2. Related work

In this section, we review works relevant to the understanding, modelling, and computational simulation
of actions in traditional crafts.

2.1. Conceptualisation and representation

In [1], Gedenryd maps sequences and networks of the physical and cognitive activities and working
materials in design and workmanship, involving the stages of perception, problem understanding,
thinking, acting, planning, executing plans, and reflecting upon collected experiences. In this thesis,
Gedenryd parallelises thinking and acting with design and production.

In [2], Keller and Keller argue that part of thinking and planning is implemented by the mind using mental
simulation that produces mental imagery. This modelling approach is also found in cognitive science as
the Perception-Action Cycle [21]. In the domain of design, this notion is found under the term Responsive
Design and Fabrication [28]. In [22], the crafting process is described as a “negotiation” between the
maker and the material, indicating the uncertainty (or risk) that material individualities pose in the making
process. Similarly, in robotic fabrication, the term “negotiated materialization” has been used [31]. The
underlying reality that requires practitioner judgement, dexterity, experience, and tacit knowledge stems
from “material uncertainty”, in that quantity, quality and properties of the available cannot be predicted
with precision. This uncertainty is dealt by practitioners with through continuous decision-making and
motion adaptations.

In [3], crafting processes are semantically modelled to have schemas or plans, and their execution is
modelled as individual events. Artefact creation is considered a process that is based on an “archetypa”
plan, or a schema. This process schema, is conceptual and ostensive, in that it can be demonstrated and
verbally described, i.e., as instructions. The undetermined nature of handcrafting individual craft articles,
or “the workmanship of risk” [20], is reflected by process schemas that support branching points to
represent practitioner decisions taken during practice, or “on the fly.” The proposed representation
analytically associates the segments of these recordings with process steps, to support the abstraction of
process schemas from the study of process recordings.

2.2. Simple craft simulators

Craft simulators exist mainly as types of video games or software applications that replicate various
aspects of crafting, building, or creating items.

Some games include crafting systems as collections of game mechanics that enable a player to create
virtual objects within a game [34]. The central concept in these games (i.e. Minecraft, World of Warcraft)
is the “recipe” which, in this context, is defined as follows. A recipe is a representation of the knowledge
necessary to transform a collection of game objects (ingredients or raw materials) into a new object?.
These games do not provide fidelity of action; for example, a tailor in World of Warcraft makes fabric,

1 For example, a recipe for a pickaxe specifies two twigs and two flint as the materials necessary to create a pickaxe.
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using nothing but fibre, at the click of a button. On the other hand, they introduce the concept of
affordances, leading a player to perform particular actions within the game world: pickaxes are used for
mining, and sewing machines sew fabric.

The Knitting Simulator 20142% is a game for the MacOS platform in which the user creates 2D virtual
sweaters. The game supports an alternative controller attached to knitting needles. The usage is simple
as the needles are used similarly to GUI scrollbars to visualise the progression of the presentation of the
sweater image (no 3D tracking of needles or knot simulation is employed). The physical action of moving
these knitting needles adds a lot to the otherwise simple game. In addition, they introduce the concept of
resource management as the virtual money and time needed to spend within the game to create things.

Woodwork Simulator [23] is a software application designed to recreate the experience of working with
wood to build furniture. It provides a range of virtual tools including saws, drills, glue, chisels, and
sandpaper to transform blocks of digital wood into virtual user creations. The realism is mainly visual with
high-end graphics and operative, in that the user has to “walk” around the workshop to gather tools and
materials.

In [8], the “3D Printing Virtual Blacksmith Simulator” is proposed. It is a VR that replicates a blacksmith
forge. The simulator allows for the ‘virtual crafting’ of blacksmith objects from horseshoes to coat hooks.
It uses VR actuators to monitor the movements of the participant inside the workshop and provides
instructions to users on how to create virtual artefacts. The simulator allows for 3D mesh deformation
and once an object has been virtually created in the simulator it can be 3D printed allowing for the physical
creation of the simulated artefact.

In [25], a method for real-time topological editing of 3D models developed for wood-turning lathe crafting
simulation in VR is proposed. The method changes the topology of a 3D model according to the real-world
actions of the users which are conveyed to the virtual environment by tracking a VR controller or a VR
tracker, attached to a real lathe skew or chisel, and used to simulate the crafting process.

In [5], an interactive diagram model for a simulation training system for traditional craft heritage is
proposed. The approach outlines a software architecture for the integration of craft simulation results
with the Unity game engine.

Several games exist that simulate pottery wheel-throwing, such as 3D Pottery3, Pottery Master®, and
Pottery Simulator®. Although the graphics are impressive, they do not exhibit a high level of realism.

2.3. Craft presentation systems

The integration of AR and VR into presentations of traditional crafts and education supports the
understanding and transmission of craft knowledge. From the superimposition of 3D objects to enhance
the spatial presentation of traditional crafts, to the use of VR for educational purposes, these technologies

2 https://karastonesite.com/2014/07/19/knitting-simulator-2014/

3 https://experiments.withgoogle.com/3d-pottery

4 https://play.google.com/store/apps/details?id=com.create.pottery.paint.by.color&pcampaignid=web _share
5 https://apps.microsoft.com/detail/XP9K4SFL3CK58X ?hl=el-gr&gl=US
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revitalize and provide engaging avenues for education and training. Furthermore, they serve as tools in
the preservation of cultural heritage, allowing for the documentation and demonstration of traditional
crafting techniques in a format that is accessible to future generations.

In [19], a mobile traditional craft presentation system using AR is proposed that superimposes 3D objects
of traditional crafts in space. The system enables the operation of 3D objects using a multi-touch surface.
Similarly, in [14], VR and handheld controllers are used to interact with 3D models of craft artefacts.

In [13], software simulation tools exploit mathematical concepts embedded in art practices to assist
school students in studying mathematics and at the same time learning about beadwork, basketry and
other aspects of Native American culture. Evaluation of one of the tools has shown statistically significant
improvements in students’” mathematics performance as well as an increased interest in Information
Technology.

In [27], interactive digital demonstrations through VR for two traditional crafts are provided, relevant to
the production of two Greek traditional alcoholic drinks. The approach provided pre-recorded interactions
with tools and machines.

In [45], glasswork is exemplified demonstrating the crafting process of a glass carafe is represented
visually and semantically in a way that can be utilized in craft training and preservation. The outcomes of
the proposed approach were used to implement a Mixed Reality training installation.

In [4], visitors are immersed in a VR environment where they can perform some indicative woodworking
tasks relevant to the dovetailing carpentry technique. The simulations are manually modelled pre-
recorded and shown as animations, as the purpose of the application is the introduction to the tools of a
specific craft.

2.4. Visual simulations

A few works exist that investigate and simulate the appearance of craft artefacts or can be used for this
purpose.

In [6], the visual results of painting on fabric are predicted, through a heuristic simulation process. An
online simulator for thin-brush dyeing called “yuzen”, a Japanese traditional handcraft. The simulator
provides a simplified experience, that is, it can be materially unrealistic but mimicking visual appearance.
The simulator incorporates various characteristics, including a 2D fluid simulation algorithm that reduces
its computational burden. The dyeing algorithm is based on an ink-wash painting algorithm [24].

The 3D Knitting Simulation® by the DesignScope Company was developed for flat and circular knitting
technology. Given the fabric design, the simulator creates realistic visualisations for Jacquard Raschel,
Multibar Lace, and warp-knit fabrics.

In [26], AR is applied to craft-making practices to bring insight into methods of combining virtual and
physical materials. The paper recommends that narrative is physically located in craft objects, and while

6 https://www.designscopecompany.com/simulation-knitting/77/the-art-knitting
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virtual elements may describe and annotate an artefact, it is not considered part of the craft artefact’s
narrative.

Mitsuba 3 [33] is a rendering system consisting of a set of libraries and plugins that implement the graphics
rendering functionality of materials and light sources. The system traces high-level simulation code
(written in the Python programming language) and simplifies the rendering programming. The system is
specialised in differentiable rendering algorithms’, which makes it suitable for the rendering of dielectric
materials, such as transparent and translucent materials (i.e., glass) because it can simulate refraction and
reflection phenomena.

2.5. Scientific craft simulations

More realistic simulations of crafts can be found in the field of scientific simulation. In this domain, the
state-of-the-art is governed by Finite Element Analysis (FEA) [43, 44]. FEA is a numerical technique that
utilizes the Finite Element Method (FEM) to simulate and analyse the behaviour of physical systems. FEA
is extensively used in mechanical simulation to study and predict the behaviour of mechanical systems
under various loading conditions. The basic idea behind the FEA is to divide a complex physical system
into smaller, simpler, and very local (or finite) elements. Geometrically, physical bodies are represented
by finite elements as volumetric meshes. The behaviour of the system within each element is described
by a set of mathematical equations based on the physical laws governing the problem. We adopt this
approach for its generality as well as because it is the de facto standard in state-of-the-art physical
simulation.

Although widely adopted in modern mechanics and engineering, scientific simulation has been not widely
applied in the domain of crafts. In [11], the formation of knots is studied using FEM. Mechanical models
for fibres are proposed in [12] that account for elongation, bending and torsion forces, and the frictional
contacts between them. In [10] the metalworking processing is studied to understand the quenching
process and results of a computer simulation based on metallo-thermo-mechanics are presented to know
how the temperature, metallic structure and stress/distortion vary in the process.

The situation is much different in the domain of textiles, probably because of their wide application in
multiple industries. As such there exists a wide range of software applications for the design of textiles, in
other words, visual simulators that illustrate how a woven textile would look like. Prominent examples
are Weavelt?, Fiberworks PCW?, ArahWeave?, pixeLoom!!, WeavePoint, and WIF Visualizer2, Moreover,
a broad range of studies exist on the mechanical characterisation of textiles (see [35, 36, 37, 38] for
reviews). Several pertinent works also focus on how textiles are to deform and distort when worn, e.g.
[39, 40, 41]. The most relevant work to the purposes of Craeft is TexGen?3, an open-source software for

7 Differentiable rendering allows the gradients of 3D objects to be calculated and propagated through images,
reducing the requirement of 3D data collection and annotation.

8 http://www.weaveit.com/

° http://www.fiberworks-pcw.com/

0 http://www.arahne.si/

1 http://www.pixeloom.com/

2 http://www.weavepoint.com/

13 https://texgen.sourceforge.io/index.php/Main_Page
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modelling the geometry of textile structures, as well as including textile mechanics, permeability and
composite mechanical behaviour [42]. In the computations pertinent to the manufacturing of textiles, we
use the TexGen simulator to model the 3D structure of fabrics.

2.6. Robotic reenactment of crafts

Although that robotic reenactment of crafting techniques is beyond the scope of Craeft, it contains
elements of interest to us. The reason is that by being able to re-enact a technique one has to understand
its essential elements. The critical point is whether the technique includes judgement so that the
computer (robot) has to algorithmically make a decision. By achieving the simulation of practitioners’
decisions on the computer we make a step forward in better understanding how practitioners work.

In [7], the carving effect of a range of tools on clay is studied for their robotic reenactment. A series of
carving experiments is presented to explore the connection between robotic movement and carved detail,
to show the possibility of creating complex forms through robot movement.

In [9], the motion capture of carving tools operated by practitioners is used for the robotic reenactment
of stone carving crafts. This research aims to overcome this challenge and bridge the gap between the
robotic tool and the real world. In [29, 30], the same approach is adopted to the understanding and robotic
reenactment in wood-carving.

3. Simulation elements

In this section, we introduce the elements that govern the representation and simulation of crafting
actions. We refer to physics to model the transformation of materials due to the actions of the
practitioner.

3.1. Affordances

The concept of affordances stems from psychology and, in that context, it is defined as “what the
environment offers the individual” [16]. In the context of crafts, we understand affordances to refer to
the tools, materials, and environmental conditions.

Tools are specifically designed to offer these affordances in ergonomic ways. These are affordances that
refer to the features of tools about:

1. Their handling and regard the part of the tool that is in contact with the practitioner. For example,
hammers have handles that enable a firm grasping hand posture, saws have grips that facilitate
pushing and pulling, and loom treadles are flat to be easily stepped-on by the practitioner’s feet.

2. The action they are used and which are located at the parts of the tool that come in contact with
the material. For example, a hammer offers two affordances, through its “face” which is used to
strike nails and its “claw” which is used to pull out nails.

Craeft D2.1 14/59



D2.1 Action and affordance modelling s

The affordances relevant to materials are due to their physical properties which determine the ways it is
possible to be treated. For example, wood and marble are suitable for carving and sculpting. The material
property of interest is the damage that governs the breaking of wood under mechanical stress. Clay and
glass can be moulded and shaped, with the pertinent material property being plasticity. In turn, metals
can be forged, soldered, or welded. The elasticity of fibres enables the weaving of fabrics and wicker.

Environmental conditions determine affordances that enable (or not) the possibility of treating materials
using tools. Prominent such conditions are temperature, humidity, and ventilation. Temperature and
humidity levels are paramount considerations. In woodworking, the propensity of wood to expand or
contract in response to shifts in these conditions necessitates a delicate balance to prevent warping or
cracking in finished pieces. In pottery, the clay humidity makes possible its shaping. Conversely, heat and
ventilation are required to dry paint or fire pottery. In terms of human factors, lighting is an essential
factor when precision work is required, such as in silversmithing and sewing. It is characteristic, that
before the advent of electricity, weaving workshops were required to have large windows and were
mainly located at the corners of buildings to maximise illumination.

In this work, archetypal simulators are used to abstract these affordances so that we can develop them
once and then instantiate them for specific materials. In this way, we will not have to develop different
simulators for carving different types of wood but only tune the parameters for each wood type. On the
other hand, this abstraction has to follow the characteristics of the material due to the damage criteria
as, for example, we cannot melt wood or perform glassblowing using cold glass.

3.2. Environmental conditions

Environmental conditions play a significant role in various crafts, influencing the materials used, the
crafting process, and the final quality of the product.

In the scope of this deliverable, we examine those that have a direct physical effect on the outcome of
the simulated actions, although it ought to be noted that some conditions affect crafting from the human
side, such as environment noise, lighting, and safety conditions. (e.g. weather in the outdoors, ventilation
in the indoors).

The principal conditions of interest are temperature, humidity, and gravity.

Temperature affects the behaviour of materials. Some materials are easier to work with
Temperature | at specific temperatures, while extreme temperatures can impact the curing, drying, or
setting processes in crafts like pottery, concrete work, or metalworking.

Humidity and wetting levels affect the drying times of materials like paint, glue, or
finishes. Moreover, they affect the workability of materials, such as in the case of clay.
Gravity plays an important role in techniques that involve viscous materials, such as
Gravity molten glass. For example, in glass blowing practitioners usually have to continuously
rotate the glass body, to counter the effect of gravity.

Humidity
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3.3. Material properties

Material properties are physical, chemical, or mechanical components of a specific material that would
determine its functionality and manufacturability. Material properties do not depend on the amount of
the material and are metrically measured. A material property may also be a function of one or more
independent variables, such as temperature.

3.3.1. Modelling material properties

The material properties of interest M differ depending on the action. Material properties can change
under different conditions and circumstances. The properties of a material are typically described by
physical, mechanical, thermal, electrical, and chemical characteristics. Not all materials exhibit the same
sensitivity to these factors, and the extent of property change depends on the specific material and
conditions involved. The visual characteristics of surfaces and objects are significantly contingent upon
the material composition from which they derive their form and substance. The appearance of surfaces
and objects is highly dependent on the material from which they are made.

All material properties are numerically expressed. Each material property is represented as a vector of
material property measurements. For many material properties, this vector has a single dimension
(scalars), e.g. the density of silver is 10.49 g/cm3. The expression of other material properties may not be
isotropic and require more parameters to be represented. For example, tensile strength, compressive
strength, and shear strength are separate parameters used to describe a material's strength under
different loading conditions, temporal duration, and spatial vicinity. The principal material properties of
interest represented by scalars are the following.

Ability to withstand localized permanent deformation and/or
Hardness . . Pascal
resistance to deformation.
Density Mass per unit volume. Determines weight, buoyance, etc. kg/m?3
Elastic Modulus | Resistance to non-permanent, or elastic, deformation. Pascal
. . Deformation (expansion or contraction) of a material in directions .
Poisson Ratio . e o . . unitless
perpendicular to the specific direction of loading.
. Amount of load or stress that a material can handle until it stretches
Tensile Strength Pascal
and breaks.
. Stress corresponds to the yield point (at which the material begins
Yield Strength P . y P ( & Pascal
to deform plastically).
Ability to withstand localized permanent deformation (resistance to
Hardness ) Pascal
deformation).
- Ability to be stretched, pulled, or drawn into a thin wire or thread
Ductility . . percentage
without breaking.
The ability to absorb energy and deform plastically before
Toughness ) y &Y P y Joules/m3
fracturing.
Tensile, . .
. Separate parameters are used to describe a material's strength
compressive, ) . L. Pascal
under different loading conditions.
shear strength
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Many material properties require multiple parameters for a comprehensive description. Materials exhibit
a wide range of behaviours and characteristics, and often, a single parameter is not sufficient to capture
the complexity of these properties, that is, for example, elasticity is described by both the Elastic Modulus
and the Poisson Ratio. Other multidimensional material properties of direct relevance to crafts are
thermal properties, such as Thermal Conductivity or the Coefficient of Thermal Expansion.

There can be multiple models to describe a material property. For example, damage propagation in metals
is different in metals and fibred materials and, thus, they require different models; in these cases, two
such models are the Johnson-Cook [46] and Hashin [47] models, respectively.

Ininhomogeneous material bodies, the expression of material properties is not isotropic. The FE approach
is suitable for such a configuration, as individual material properties can be applied per finite element.

3.3.2. Rigidness

The simulation of crafting actions may include unnecessary details that overcomplicate its execution. For
example, when using a hammer to cut a piece of wood, we are not interested in simulating the wear of
the hammer due to its use. In such cases, we simulate the pertinent objects as being rigid, meaning that
their material properties are undefined. In the simulation, objects made from “undefined” materials are
treated as imperishable and indestructible.

Rigid objects can be used to model stiff components that are either fixed or undergoing large rigid body
motions. The principal advantage is computational efficiency. Element-level calculations are not

performed for elements that are part of a rigid body. Some computational effort is only required to update
the motion of the nodes of the rigid body.

3.4. Objects

We distinguish objects into two types

1. tools
2. materials and products

The two types of objects do share some properties, which are discussed first.
3.4.1. Object properties

We first note properties common to both object types, namely material properties and pose. We then
refer to the treatment of shape in terms of tools and products.
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Material properties are a time-dependent set of properties of an object; e.g. the hardness
Material of a material is dependent on temperature. Because material properties of interest differ
properties | depending on the action the object is involved in, we include them all in every state and
classify actions depending on which material properties they affect.

In general, the shape of both tools and materials may change, and so it is a time-
dependent property. Let S = (V, G), where V is a list of 3D, floating point locations that
represent the nodes of a volumetric mesh and G is a list of connectivity indices on these
nodes that indicate the hexahedra or tetrahedra of the volumetric mesh. The shape of the
object is at an arbitrary coordinate system. As previously discussed, sometimes we model
tools as rigid, only to ease the computation for the simulation.

Pose is a time-dependent property of an object. P, (R, T), where Ris [r,, 1, r]", T[t, t, t.]", a
Pose rotation, in SO(3), and a translation, in R3, respectively. Applying them to the coordinates
of object O brings it to its “world” pose from the file to the simulated world.

Shape

We note that the aforementioned object properties are time-dependent characteristics of objects. That
is, the shape and pose of tools and materials change as a result of the crafting actions. Moreover, material
properties also change sometimes as a result of these actions, such as when we heat and object to change
its shape without breaking it.

Semantically, this change of characteristics over time is represented through the “state” of objects, which
changes as a result of actions and/or time; this is described in depth in D2.2. In this deliverable, the
simulation results contain this change of state numerically. That is the simulation results discretise time
in “frames” (or time instances). In each frame, the new shape and pose of objects are repeated and
numerically represented, as described above. The change of material properties is represented in the
same fashion, however, in the simulation tools that we use, we have to explicitly request for its
computation.

3.4.2. Tool properties

The shape of tools in crafts often plays a crucial role in determining their affordances, influencing how
they can be used for specific tasks. Following [15], we classify tools according to their purpose to cut,
pinch, grip, drive, strike, apply, and constrain materials and bodies. Tools are conventionally non-powered
in traditional crafts and, so, we emphasise first such. However, there are no implications for this study as
to whether they are electrically or manually powered.

Assuming tool rigidness simplifies computation because the simulation does not compute tool
deformation. When the geometry of a tool changes, it follows (prescribed) mechanical constraints which
ease its modelling and simulation; individually, each tool part is considered rigid. Changes in tool shape
are often disregarded in the simulation of individual actions as they are minute and regard the long-term
wear of tools. In contrast, products are typically considered as deformable.

3.4.3. Material and product properties

Products are processed raw materials at any (final or intermediate) processing step. Thus, we classify
materials and products under the same type, because the
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1. product of one craft may material of another, e.g. thread making provides material to fabric
making, which provides material to textile making, which provides materials to garment making.

2. outcome of a process step is an intermediate product that is the input “material” to a succeeding
process step.

Materials and products change state at and due to the occurrence of events. Following the state-based
approach of the Mingei ontology, an object is an endurant that has time-independent and time-
dependent properties.

The object is modelled as a symbol to which we attach: (a) the never-changing time-independent
properties, such as its material composition, and (b) a series of states, each consisting of a value for the
time-dependent properties. Then, every time some time-dependent property of the object changes, we
create a new state of the object with the new values. This new state becomes the current state of the
object’s time-dependent properties. The states the object goes through during its lifetime form an
ordered chain in time, and actions play a causal role in determining the passage from one state to the
next. The time-independent part of an object includes invariant descriptive properties and shape, while
the state of an object includes pose and all material properties that may be affected by an action.

3.5. Causing entities

We call causing entities the reasons (or phenomena) that bring changes in the state of objects and
materials in the scene. In the crafting context, these are force and motion. The expression of these entities
occurs in time. Furthermore, sometimes the “null” action, namely waiting, is also purposeful and useful.

3.5.1. Force

Force is central to crafting actions, serving diverse purposes throughout the process. Practitioners employ
force to shape and form materials, cut and separate components, join materials together, and control
tools with precision. It plays a key role in material deformation, removal, and energy transfer, influencing
the rate of material removal and the quality of surface finishes. Forces are also important for maintaining
stability and balance during crafting, and they contribute to structural integrity and the assembly of
crafted objects. Forces are classified into direct and rotational forces (torque).

The application of a force is an event, which occurs in time and space. The application of force has a
temporal duration. Sometimes, it is practical to assume that this duration is infinitesimal.

The force itself is a quale of the object, that is a value (in a value space) that a certain characteristic of an
object (i.e., an action) can assume. That is, the same way we analyse “the colour of the rose is red”, as
“the rose” is the object, “the colour of” is a quality and “red” is a quale, we analyse “the hammer hit the
nail with force F”, as “the hitting” is the object (perdurant), “the force of” is a quality and F is a quale, i.e.,
avalue of the force. In the Conceptual Reference Model (CRM), we say that “the force of” is a (measurable)
property of an action and F is a dimension, that is a value that the property can take.

To model force we use F, [v, t, a], where:
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e vis[v, Vv, x],inR3 is the direction of the force in Cartesian coordinates; |v| is the magnitude of
the force.

e tisthe force duration, which can be a single instant or a time interval, and

e ais the force spatial profile which describes how the force is applied upon an object or material.
This can be a single point, a surface area, the entirety of a material body (e.g. gravity), and others.
Depending on the profile, the data describing it will vary in dimensionality.

Force is a time-dependent entity because throughout a time interval v and a may change. To digitise this
variability, we discretize the time interval at a sampling rate and represent the values of v and a at several
states that match this rate. In the computer, the values of v and a are stored in matrices.

It is recalled that gravity is a constant force applied to materials and that it has a central role in crafts that
deal with viscous materials (e.g. glassblowing) as well as crafts that relate to the building of structures
(e.g. masonry).

3.5.2. Motion

Another option for describing events is through the motion of scene elements. This is important when
data is collected from visual observation, where forces cannot be directly measured. In several cases, it is
convenient to describe practitioner action through motion as force can be variable over time and
dependent on material individualities, as well as on the individual weight of tools and quantity of material.

Crafts often involve intricate hand movements and manipulation of materials. Many crafts require fine
motor skills for precision and control, which can be very specific according to the crafting task. For
example, in carpentry, the use of saws and in pottery the use of a wheel is more intuitively described
through motion rather than the forces required to produce this motion.

Furthermore, in several cases, coordination and synchronisation are more conveniently described through
the motion description, albeit forces are also temporally represented. This is the case, for example, in
glassblowing, coordinated motion is often required by two persons (master and assistant) and in pottery
a synchronisation of foot pedal control and hand movements is required.

Motion is conventionally described as a change of pose and is defined with six (6) parameters V, [T, R, t],
where: Ris [r, 1, r.]", T[t, t, t.]7, a rotation, in SO(3), and a translation, in R, respectively, and t is the
motion duration time interval.

3.5.3. Waiting

Waiting plays a significant and often overlooked role in crafts. In many crafting processes, waiting is a
necessary and intentional step. Waiting is essential for allowing materials to cure, dry, or set in activities
like pottery, painting, and woodworking. During this waiting period, adhesives and finishes bond securely,
and chemical reactions, such as oxidation in metalworking, contribute to the final appearance of crafted
items. Moreover, waiting is related to the control of thermal and wetting conditions of materials and
objects (cooling, heating, wetting, drying). Ageing and resting periods are intentionally incorporated into
certain crafts like brewing or winemaking, enhancing flavours and textures. Waiting is also a key element
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in quality control, allowing craftsmen to assess results before proceeding, and it is influenced by
environmental factors like temperature and humidity.

Waiting is represented by a positive scalar, t.

3.6. Constraints and conditions

Constraints refer to the restrictions or limitations applied to the model to simulate realistic conditions.
These limitations can include physical restrictions or geometric constraints that the structure or system
must adhere to during analysis.

An example of such a restriction is the workbench of a practitioner that holds materials in place during
practice. Another example is a vice that holds a specific piece of material in place while the practitioner
works on it.

Constraints are used to define the mechanical context of the simulation. In the previous examples, we are
assuming the workbench shape and location as constant. Of course, the workbench may get dislocated
by a severe force of the practitioner. If we would like to simulate this possibility, we would have to add
the workbench as a simulated body and use the ground plane as a constraint. Similar is the case for the
vice, which is considered as constant and we do not have to simulate the workbench that is mounted on.

In other words, constraints define the geometrical and mechanical context of the physical system under
consideration.

3.7. Actions

We classify and abstract actions into four basic categories. The reason for doing so is to study them
separately and identify the material properties, behaviours, and affordances relevant to each action type.
In this way, we aim to facilitate and simplify the realisation of both archetype and craft-specific simulators.

3.7.1. Subtraction

Damage refers to material degradation or failure. In FEM analysis it is relevant in cases where materials
undergo progressive deterioration or failure under load. This corresponds to the gradual reduction in
material properties, such as stiffness or strength, under load. Depending on the material, the result may
be cracking, yielding, or plastic deformation. Damage models are often coupled with constitutive models
that describe the material behaviour under various loading conditions.

To initiate the simulation of damage a critical condition must be met. This is assessed by failure criteria
that are based on the evolution of damage variables, and simulation results can be analysed to identify
regions where failure is likely to occur.

Various damage models exist, each tailored to specific material behaviours and failure modes. Examples
include cohesive zone models for simulating crack propagation, damage plasticity models for metals, and
continuum damage mechanics for composite materials.
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In the context of traditional crafts, we have selected the following, given the materials we are dealing
with,

® The Orthotropic Damage Model (ODM), is suitable for wood, as wood exhibits different material
properties along different directions, due to its fibrous structure. This ODM enables the simulation
of damage evolution in each material direction independently.

® The Cohesive Zone Model (CZM) is used for simulating crack initiation, propagation, and cohesive
failure in brittle materials, such as marble and glass.

e The Johnson-Cook model is widely for simulating ductile material behaviour, particularly in metal
forming processes. It accounts for isotropic and kinematic hardening and includes parameters to
capture the effects of strain rate and temperature.

e The Damage Plasticity model combines plasticity and damage mechanics to simulate the
behaviour of materials undergoing both plastic deformation and damage accumulation, such as
clay.

e Theyarn-level model focuses on modelling the fabric at the yarn level, considering individual yarns
as distinct entities. As such, strain-based damage models are more suitable for fabric rupture,
where failure is determined by reaching a critical level of strain. It is, furthermore, noted that
woven fabrics rupture based on the type of the weave.

The material properties of relevance to damage are the following:

e Strength is modelled by tensile strength, compressive strength, and shear strength, which
determine the resistance of materials to cutting forces and the likelihood of fracture.

e Fracture Toughness measures resistance to crack propagation and is relevant when modelling
crack initiation and propagation during cutting.

e Hardness models the ease with which it can be cut.

e Thermal conductivity and heat capacity, model the generation of heat during cutting processes
and the likelihood of material melting due to the generated heat.

3.7.2. Shaping

Material properties are relevant to the shaping and deformation of models, and how materials can be
worked, formed, and manipulated. Intuitively they are the properties required to perform “freeform”
transformations, that is a change of shape that preserves its mass.

e Malleability models the ability of a material to be deformed and shaped without breaking or
cracking.

e Ductility models the ability of a material to be stretched or drawn into a wire or thin sheets
without fracturing; it is a common property for all metals except for Mercury.

e Hardness measures the resistance to deformation or scratching.

e Elasticity measures the ability of a material to return to its original shape after being deformed.

e Brittleness is the tendency of a material to fracture or break when subjected to stress; intuitively
it is associated with fragility.

e Plasticity models the ability of a material to undergo permanent deformation without breaking
and is essential in moulding methods.
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3.7.3. Adding

Additive craft actions involve building or creating objects by adding material. The relevant material
properties are as follows.

e Adhesive properties relate to the ability of materials to bond or adhere to one another. They are
relevant to adhesives such as glue and mortar.

e Viscosity and flowability are relevant to the application of adhesives.

e Curing and setting time regarding the time required for adhesive to change state from liquid to
solid. Typically, during this time the built structure has to stay stable.

3.7.4. Interlocking

Interlocking actions are used in the assembly of structures that rely on the secure connection of individual
components. Interlocking actions manifest differently depending on the physical properties of the
materials. For example, friction and flexibility are central in textile manufacturing as they hold fibres
together. In contrast, in woodworking the hardness of a nail is essential

e Friction material properties determine whether the interlocked components will “hold together”,
or otherwise if the assembly will be stable.

e Hardness determines whether the materials will interlock or break due to the exercised tension.

e Plasticity determines whether the interlocked materials will flex, bend, break, or retain their
shape during their assembly.

3.8. Implementation

For formalising and executing the simulations the Simulia Abaqus FEM solver was employed. The
executions were parallelised on the available cores of the computer. Finite elements were modelled using
hexahedra of 1 mm3. The typical execution time for the modelled simulations was in the range of 30
minutes to 2 hours, on 4 CPU cores.

The output was stored in two forms.

1. Volumetric, in STEP format that encodes the volume representation of objects and materials, in
hexahedra.
2. Surface, in OBJ, PLY, and WRL formats encodes a surface meshes of triangles.

The volumetric output is useful for reusing the output of the executed simulation in new simulations. This
is important when the judgement of the practitioner needs to be simulated or assessed. The reason is that
FEM simulators do not deal with algorithmic decisions that pertain to prior knowledge and experience. As
such, the simulation outcome needs to be evaluated by other pieces of software which will determine if
a new simulation is required. A simple example of such a case is the following. Suppose that a practitioner
is striking a piece of wood with a hammer and the goal of cutting it into two pieces. Depending on the
force of the practitioner, as well as the thickness and density of the wood a different number of strokes is
required. The simulator can predict the outcome of individual strokes but does not know the goal of the
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person. If we are to simulate the judgement of the practitioner, we need another piece of software that
would evaluate if the piece of wood was cut or fractured, after each stroke. If the piece of wood has not
been cut, then the volumetric representation is required as input for the next simulation step.

The surface output is useful for integrating the simulation results with the 3D software (Unity) that will
create immersive experiences. The reason is that, in this case, the volumetric composition is not required
and only the surface suffices for the graphical rendering of objects and animations (see also Section 6).
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4. Action modelling

In this section, we define the entity and action types which we deal with, in the context of manufacturing
in general, and traditional crafts in particular. In Section 4.1, the ontology of entities is aligned with the
maker-material negotiation model that is introduced and elaborated in D1.2. It is here briefly presented
to correspond this model with the simulation taxonomy presented in this deliverable. In Section 4.2,
actions are taxonomized and treated as functions on the state of the scene and its elements. This
taxonomy is then corresponded with the types of simulations implemented in Section 5. Last. in Section
4.3, a methodological tool is presented, the action description template, which facilitates the encoding of
actions from conceptual to simulation level.

4.1. Ontology

We review the ontology to describe the entities that are relevant to actions and virtual actions, as well as
their schemas. We model actions and action schemas in the same way as we do for processes and process
schemas (see Section 2).

4.1.1. Actions

Actions are modelled in a very similar way to processes (see Section 2).

e Actions are events that occur when action schemas are executed.
e Actions are associated with intentions.
e Actions are elementary, in that they cannot be further analysed.

Due to the last property above:

® A process step may be analysed into an arbitrarily deep hierarchy of steps and sub-steps.
® A process step includes at least one action.

4.1.2. Action schemas

Action schemas are modelled in a very similar way to process schemas (see Section 2). Intuitively, action
schemas and process schemas are plans. The process and action schemas are the ideals. They come from
abstraction that can only be through wisdom (high experience).

The intention of an action is associated with a plan, which is called action schema. The anticipation of the
result of this plan is the anticipated state of the workspace scene after the occurrence of the action. This
state is called simulated mental imagery [2]. In the computer, we encode this state as usual (that is as any
other step).

4.1.3. Transitions
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Action schemas are linked into step or process schemas using the same five types of transitions, as we do
for process steps in [3]. That is:

Transition | unconditional passage from one step to the next

Fork connects an action schema with subsequent action schemas performed in parallel
Merge where two or more action schemas unite.

connects a schema step with the schema step that should be completed before any
transition and with the next step to be performed.

a decision step that accepts one incoming edge and selects one outgoing alternative.
Branch Branch nodes control the flow of a process by selecting one of several alternatives, based
on the outcome of a condition evaluation.

Join

4.1.4. Causing entities

Causing entities model the physical powers that drive the occurrence of actions. In ontology terms, they
are the models of the physical mechanism that describes action causality. Typically, causing entities are
the “driving forces” that put “actions in motion” and provide the power and energy for the execution of
an action.

We have two ways of modelling action causality. The first is by modelling the forces that drive tools during
material transformation as well as auxiliary forces that are often required, such as stabilisation forces.
The second is by modelling their object motion. In recordings, the second way is more accessible because
tool motion is relatively simpler to measure than the force exercised by a practitioner.

4.1.5. Transformed entities

Transformed entities are those whose state after the action is different from before the action. They refer
mainly to the tools used in the action. It ought to be noted that the state changes for the transformed
materials as well, but these entities are treated differently because they become part of a new entity, so
their new state is recorded with the state of the new entity.

4.1.6. Created entities

Created entities are those whose existence is considered to start from the completion of the action and
as its result. In the initial steps, created entities such as a gathering of liquid glass, a quantity of clay, or a
piece of wood. Created entities are also considered those which are the result of the modification of a
previous entity, during processing. In addition, create entities can be composite objects, which are created
after the joining of two entities. Not all of the created entities are of direct interest, such as a chip of wood
carved out during the creation of a wood sculpture.

4.1.7. Ceased entities

14 When hammering a nail in a piece of wood, the driving force is exercised on the nail by the hammer. The two
finger that hold the name in place are called stabilisation forces.
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Ceased entities are those which cease to exist after and as a result of the action because they are
combined into a new entity. An example is a nail that is driven into a piece of wood that will eventually
become a piece of furniture.

4.1.8. Virtual actions

Virtual actions are simulated actions that occur in a virtual world. They are “observable” through the
simulation results which are stored in the file. The contents of this file are machine-interpretable and can
be visualised.

It is noted that although earlier in this document we are discussing new, modified, and ceased entities,
this characterisation is not provided by the FEM simulation engine. For this information to be obtained
the simulation outcomes have to be analysed.

4.1.9. Virtual action schemas

Virtual action schemas are the simulation plans. The virtual action schema is a set of human-
comprehensible instructions on the simulation functions that should invoked and their parameters. This
instruction regards the identification of the mechanical laws and models that should be used, along with
simulation parameters such as the geometry of the involved bodies, their poses, their material
composition etc. The virtual action schema is eventually transcribed into a simulation input file (see
Section 5). The FEM engine reads this file and performs the simulation according to the instructions found
in this file.

4.2. Action types

In crafts, actions transform materials. Action is “the unit activity attended by a practitioner” [2]. Action
plans are hypotheses for the achievement of goals, under prescribed conditions on the state and the
spatial arrangement of materials.

We distinguish between transformative and auxiliary actions. Transformative actions change the shape of
materials and are further classified into Add, Subtract, Interlock, or Plastic transformations, as explained
below. Auxiliary actions are ones at which a practitioner changes the placement of an object, moves a tool
to the appropriate place to perform some action, or waits.

The aforementioned distinguishment is only conceptual and not technical. That is, although we distinguish
between the two in conceptualisation we do not do so technically. Moving and waiting are modelled in
the same fashion. Specifically, moving an object is a change of state that affects solely its pose. Waiting is
considered a “null” change of state. These actions are defined below.

4.2.1. Additive

Additive actions refer to events where materials are built up or combined to create a final or intermediate
product. These actions involve constructively adding or layering materials. In additive actions, the crafting
process involves a step-by-step accumulation of materials, resulting in a final product that reflects the
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deliberate addition of elements. Examples are the addition of tiles to create a mosaic, joining pieces of
metal together in metalsmithing, building with bricks and mortar, or adding a layer of glaze on a ceramic
pot.

object = Add(object or zero)

Additive actions involve building materials to achieve the desired form, contributing to the accumulation
of material. Often adhesive materials (e.g. glue, cement) are used in additive actions.

4.2.2. Subtractive

Subtractive actions involve the removal or carving away of material to achieve the desired form or design.
Practitioners take away material to reveal the final product. Subtractive actions require precision and skill,
in removing material to reach the intended form. Examples are wood and stone carving, or metal
engraving.

object, objects or zero = Subtract(object)

4.2.3. Plastic

Plastic, from Greek mAaotikdc, pertains to the ability of a material to be moulded, shaped, or manipulated.
The plastic transformation follows the principle of mass preservation. Plastic actions involve the
malleability and formability of materials to achieve the intended shape or structure. Plastic actions are
characterized by the capacity of materials to undergo deformation without breaking, allowing
practitioners to manipulate and shape them into intricate and detailed forms. Examples are the shaping
of clay in pottery, bending plies to make boats, and shaping hot glass and metal in blacksmithing and
glassblowing, respectively.

object = Plastic(object)

4.2.4. Interlock

Interlocking actions refer to events where components are designed or manipulated to fit together
seamlessly, creating a unified whole. This can involve the use of interlocking joints, knots, or the assembly
of elements that fit together like puzzle pieces. Some examples are the weaving of threads in textile
manufacturing, interlocking metal rings in chain making, interlocking joints, nails, and screws in
woodworking, and weaving of wicker in basketry.

object = Subtract(object, object)

Interlocking and additive actions differ interlocking actions involve connecting separate components to
form a cohesive whole, while additive actions entail building up material to create a final product.
Interlocking actions involve connecting or fitting separate components together typically resulting in a
cohesive whole where individual elements are securely joined.
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4.2.5. Move

Moving objects is often required to put materials in place or to position tools at the preferred location for
their use. An example is the positioning of a piece of wood on a workbench, the positioning of a nail at
the appropriate place on this piece, and the placement of a hammer at the correct position to drive this
nail into the piece of wood.

object = Move(object)

4.2.6. Wait

Waiting is often used in crafts when the practitioner waits for a heating, cooling, wetting, or drying action
to be completed.

Wait(time)

4.3. Action description templates

Action description templates are used to describe the actions to be modelled. These templates reflect the
attributes of entities in the ontology and serve as a first means of collecting input. They are used to
formalise the collection of information for an action. Action description templates specify the name of the
action, the participating entities (causing, transforming, absorbed, created) and the type of simple
machine or machines involved. When an action template is completed, the input of information in the
MOP/CAP is facilitated. An action description template is shown in the inset below.

English name for the action type (a piece of text, e.g., “inserting a chisel into a piece of wood”).
Optional textual description of the action type for the human (a piece of text, e.g., “the action is
performed by a single agent that hits the chisel by a hammer to the end of inserting it into a piece of
wood. It belongs to the X craft etc,”)

Function of the action type according to the standardised vocabulary (a URI)

Type (one of Add, Subtract, Interlock, Transform, encoded as a URI or as a character string)

Machine Type (one or more of the six Archimedean simple machines or a physical or chemical agent,
encoded as a URI or as a character string)

For each causing entity:
e Type (e.g., “force for hitting the chisel”)

e documentation (e.g., “the force is described by giving its intensity, velocity and direction, all in
a single file”)
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For each transformed entity:

Type (e.g., “hammer hitting the chisel”)
Documentation of the unchanging properties (e.g., “a hammer is described by giving its length,
weight and material, all in a single file”)

e Documentation of the state of the entity before the action (e.g., the shape of the hammer
given as a mesh in a separate file, the pose of the hammer given as 3 coordinates in a separate
file)

e Documentation of the state of the entity after the action (e.g., the shape of the hammer given
as a mesh in a separate file, the pose of the hammer given as 3 coordinates in a separate file)

For each absorbed entity:

Type (e.g., “chisel inserted into the piece of wood”)
Documentation of the unchanging properties (e.g., “a chisel is described by giving its type,
length, depth, height, weight and material, all in a single file”)

e Documentation of the state of the entity before the action (e.g., “shape of the chisel given as
a mesh in a separate file, position of the chisel on top of the piece of wood given in a separate
file”)

e Documentation of the state of the entity after the action (e.g., “shape of the chisel given as a
mesh in a separate file, position of the chisel inside the piece of wood given in a separate file”)

For each created entity:

e Type (e.g., “piece of wood with chisel inserted into it”)
e Composition (e.g., “two parts: chisel and piece of wood”)

Documentation of the state of the entity after the action (e.g., “shape of the composite object given
as a mesh in a separate file”)
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5. Simulations

Action simulations are predictions of the execution of real actions. These predictions regard the evolution
of the state of physical components in simulated scenes during the simulated time interval that virtual
actions last. These predictions are produced by functional mechanical models in software that when
executed (“run”) generate them.

We provide an orientation to the computational mechanisms that are employed to implement these
simulations. Then we provide a categorisation of actions based on the type of transformation they induce.
Finally, we present implementations of these archetypes in the computer.

5.1. Orientation

In this orientation subsection, we introduce our approach towards creating generative mechanical models
in software, using FEs.

5.1.1. Finite Elements

FEM simulators encompass the models and equations of the mechanics that govern the interaction of
matter at a very local level. The equations predict the state of the matter at that very local level (per finite
element) and in the very brief future. The inputs to these equations include material properties, forces,
velocities, and environmental conditions. There exist several models, and corresponding equations, for
different types of materials (e.g. metals, crystals, fibrous materials, bubbles) and the physical states (i.e.,
solid, liquid, gas) that they are in. By iterating, predictions can regard longer time intervals.

The simulator takes as input the virtual simulation schema, which contains the plan of the events to occur
in the simulation. The execution of the simulation plan in the computer, or simply a simulation, considers
a representation of the scene elements and the planned action upon them and outputs a representation
of their state during and after the action.

FEM simulators are generic, in that they provide equations for all types of physical phenomena. It is, thus,
important that the mechanical mechanisms that govern each action are correctly modelled. In the
following, archetypal simulation models are presented.

5.1.2. Rationale

In the mechanical context, the following types of events can be simulated.

e Force/Velocity-oriented, where the forces of initial velocities that will govern the simulated event
are provided as input. The simulator predicts the final pose and state of the objects.

e Motion-oriented, where the displacement of some scene elements is defined. The final pose of
objects is pre-determined.

e Hybrid, where these definitions are combined.
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5.1.2.1. Motion-oriented simulations

Using video or MoCap, we can measure the motion of dynamic elements in a real scene, without
measuring the forces that were needed to realize these movements. This is useful because:

1. Measuring motion from video or MoCap is simpler than force measurement?>.

2. When some forces are not of direct interest, such as those of non-hand-powered tools; e.g., we
are not interested in the force that rotates a lathe, so, we model this motion as a given. Instead,
we are interested in the forces that a woodturner uses to move a chisel in the turning wood (see
below).

5.1.2.2. Force-oriented simulations

The prediction of the outcome of forces and initial velocities are problems that are widely studied in
mechanics. This is useful in:

1. Predicting the stability or behaviour of objects before implementing them.

2. Producing realistic interactive environments of virtual actions and, in particular, the force that
needs to be exercised by the practitioner.

3. Predicting the brittleness of artefacts before their manufacturing.

5.1.2.3. Hybrid simulations

It is possible to combine both simulation types. The woodturning example with a lathe is characteristic.
We are not interested in the mechanics of an electrically powered lather and, thus, model it as an
unobstructed and uninterrupted motion. The mechanics of the chisel being pushed in the turning wood
are more interesting to be modelled with forces because we can assess the force needed by a person to
perform woodturning with some particular type of wood.

5.1.3. Simulation input file

The contents of a completed action template comprise a human-comprehensible description of a virtual
action schema (see Section 4).

This description simplifies the transcription of these contents into a simulation file, which is the machine-
interpretable file with the instructions for the simulator.

This transcription can take place in two ways:

1. Using a GUI, which provides design tools, data input facilities, and access to the mechanical
models available. A human user reads the template and selects the appropriate materials, models
and parameters, to faithfully represent the scene and actions described in the plan.

2. Using a computer program that generates this file, by instantiating existing action archetypes, to
which the contents of this file comply. If the virtual action schema can be matched to an

15 Measuring mechanical forces requires specialized, pervasive, and tedious sensor configurations for the recording.
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archetype, then the mechanical principles can be copied from the archetypes and specialised
(“instantiated”) for the parameters of the particular virtual action.

Although the simulation file is to be accessed by the computer, we opt to be in text format and human-
comprehensible. This eases the debugging, at least for this early stage of our work.

The input simulation file represents the entire plan of the simulation, the forces, velocities and constraints
involved, as well as the shape and material properties of the entities involved. The measurement units of
all physical quantities in the simulation file are in the Sl system. The entities defined in the simulation
input file are presented in the table below.

A list of the objects in the simulation as separate parts. For each part, its 3D geometry and
Bodies composition are represented. The geometry of each part is represented in its arbitrary
coordinate system. A material is assigned to each part.

This part contains a list of the materials used in the simulation. For each material a label
is provided and a list of material properties. Each material property is represented as a
vector of material property measurements. For many material properties, this vector has
Material a single dimension, e.g. the density of silver is 10.49 g/cm?3. Other material properties are
not isotropic and require more parameters to be represented. For example, tensile
strength, compressive strength, and shear strength are separate parameters used to
describe a material's strength under different loading conditions.

Contains information related to the assembly of finite element models. This section
defines how different components or parts come together in the simulated scene,

Assembly containing the pose transformations to bring elements into the common coordinate
system.
Contains information about the dynamic events that will be simulated, such as the forces,
Loads velocities, displacements and rotations to be simulated, as well as the environmental

conditions (and possibly their change) during the simulated time interval.

Contains information on the timing and duration at which forces are exercised,
Scenario movements take place, and environmental conditions vary. This information is stored in
temporal order.

We use two formats for simulation input files, the CAE and INP formats. The first is a binary format used
by the Simulia Abaqus suite. The second is a text-based, human-comprehensible format that is compatible
with said suite. We opt for the latter format because it is simpler to parse and modify, either by the
programmer or the software that we write. In this way, we can dynamically produce INP files by software
and link independent simulations. This is important when we wish to involve “judgement” on the result
of a simulation and dynamically generate an INP file with the actions dictated by the action or process
schema given the outcome of said judgement.

To enable the reproducibility of the archetypes in this deliverable, the INP files for the archetypes

presented below are provided as an attachment to this deliverable, online in the Zenodo platform [48].
Moreover, this dataset contains video animations of the archetypal simulators presented in this section.

5.1.4. Simulation output file
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The output file contains the state of the parts during and at the end of the simulated time interval. This
file contains a wide range of information related to the simulation results. This information includes nodal
and elemental displacements, stresses, strains, reaction forces, etc. These outputs can be visualized
through plots, animations, and reports.

The output file does not contain semantic information as to whether these parts are in one piece, if the
outcome is correct, etc. This information has to be computed by accessing the output file. Using the output
file, the simulation can be visualised and measurements of the resultant structures and dynamics are
enabled.

5.1.5. Visualisation of simulation results

In the next subsection, the results of simulation archetypes are presented. In all cases, their visualisation
follows the following conventions. Three frames are presented for each archetype: the first, the middle,
and the last. All frames show the scene from the same viewpoint using a perspective virtual camera. The
finite elements of the simulated bodies are shown as meshes of opaque hexahedra and, in some cases, as
meshes of tetrahedra (depending on the modelling followed). The colour of the visualised represents the
mechanical stress occurring at each element, as a result of the simulated events.

5.2. Simulation archetypes

The action archetypes are analysed to create a simulation archetype which can then be refined into a
specific simulation for each craft action of interest.

The presented taxonomy of simulations is aligned with that of the maker-material negotiation model in
D1.2. Furthermore, the simulated action archetypes are semantically annotated using the Getty Arts and
Architecture Thesaurus, by providing a link to the term that each action corresponds to. This annotation
is hierarchical and aligned with the maker-material negotiation model. That is subtractive actions are
subclasses of the “subtractive processes and techniques”, additive actions are subclasses of “additive and
joining processes and techniques”, etc.

For each simulation archetype, the filename of the simulation input file is also provided. In the examples
that investigate multiple conditions, multiple simulation input files are provided one for each condition.

5.2.1. Subtract

http://vocab.getty.edu/page/aat/300229471 - <subtractive processes and techniques>

Actions that remove material or split materials in parts are classified as subtractive actions. The action
returns at least two parts. In the simulation of subtractive actions, material properties that describe the
damage and fracture of materials under stress are important.

Of central importance in subtractive actions is the damage model and its evolution, which defines the way
that the material becomes separated into two or more parts. Moreover, the shape of the tool determines
the way that material is subtracted.
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5.2.1.1. Cutting

http://vocab.getty.edu/page/aat/300053069 cutting (shaping or dividing)

Simulation input file: 01_cutting/y643.inp

The majority of cutting actions take place with the use of a sharp tool that implements the wedge simple
machine. The archetypal simulation of cutting is implemented by a wedge. Depending on the material
type and the velocity of the tool, smaller fragments of the material may be produced.

In the simulation shown in Figure 1, a rigid wedge moves downwards and cuts a piece of material.

Figure 1. Simulation of a wedge cutting a piece of material in two pieces.

The example is made generic by the addition of the two supporting structures. This allows the material to
be distorted, according to its plasticity parameters. The distortion is analogous to the height of these
structures, while for zero height, zero distortion is obtained. Variants of this archetype can be obtained if
the contact angle of the tool with the material is modulated. Moreover, other variants can be obtained if
the supporting structures do not share the same height.

In the archetype, it can be observed that the mechanical tension is increased (middle frame) until the
damage condition is met and the piece of material breaks. The ground place is utilised for realism, in that
it constrains the motion of the cut pieces.

5.2.1.2. Carving

http://vocab.getty.edu/page/aat/300053149 - carving

Simulation input file: 02_carving/jnew.inp

Carving and engraving are very similar to cutting and, therefore, we do not repeat all the information from
the previous case. The underlying mechanism is also the wedge. However, there are some significant
differences, which are studied below.

The first is that the archetype is modelled based on the trajectory of the carving tool. This is because the
interest is in simulating the gesture of the practitioner. Moreover, the trajectory determines the shape of
the carved material. The second is the stabilization force that has to be applied to the material so that it
remains stable in place and is not pushed away by the carving tool.
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In the simulation shown in Figure 2, a rigid chisel moves across a piece of material, carving a part of it. A
straight line is set as the trajectory.

Figure 2. Simulation of a carving action.

The next carving example demonstrated the potential of integration of the tool trajectory with recordings
of practitioners, obtained either from object (tool) tracking or MoCap. In the example, the tool moves in
a sinusoidal trajectory on the surface of the material. This trajectory has been numerically defined and
inputted to the simulator in the form of 6D coordinates (3 coordinates for this location and 3 coordinates
for its orientation in space).

Figure 3. Simulation of a carving action with a numerically defined trajectory.
5.2.1.3. Turning

http://vocab.getty.edu/page/aat/300053158 - turning (shaping process)

Simulation input file: 03_turning/xaxis.inp

A lathe is a machine tool that rotates a workpiece about an axis of rotation to perform various operations
such as cutting, sanding, knurling, drilling, deformation, facing, and turning, with tools that are applied to
the workpiece to create an object with symmetry about that axis. In traditional crafts, the lathe was
powered by the practitioner, typically using his/her feet and a pedal. Nowadays, lathes are electrically
powered.

Turning is very similar to carving, in that a wedge-based tool is used to subtract material. The lathe
provides stabilisation so that the tool can be pushed against the rotating material. The underlying
mechanism that rotates the material is based on the wheel and axle simple machine. The carving
mechanism is based on the wedge simple machine.

In Figure 4, the archetypal simulation for turning is shown.
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Figure 4. Simulation of a turning subtractive action.
5.2.1.4. Dismantling

http://vocab.getty.edu/page/aat/300061163 - dismantling

http://vocab.getty.edu/page/aat/300053748 - separating

Simulation input files: 04 _dismantling/Job-1.inp, 04_dismantling/Job-2.inp

Dismantling or separating parts by pulling them apart is a subtractive process. The underlying principle is
a couple of forces in (approximately) opposite directions that increase mechanical stress until the damage
condition is met at some part of the material.

In Figure 5, shown is the archetype of dismantling a piece of material for two conditions. In the first (top),
by pulling it apart from its two sides, as if the practitioner uses two forces to pull the material apart from
its two opposite edges. In the second, a rotational component is added, as if the practitioner would rotate
his/her right-hand wrist while pulling apart. The way that these forces are exercised determines the
location where the material fails (breaks).

T
[
[

Figure 5. Simulation of splitting a material part into two pieces by pulling it apart.
5.2.1.5. Compressing

http://vocab.getty.edu/page/aat/300220420 - compression

Simulation input file: 05_compressing/Job-1.inp
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Compression is the opposite of dismantling. It regards pushing a material to reduce its size. Depending on
the stiffness of the material it may only distort, but after a point of failure, it starts breaking apart losing
part of its mass as it breaks apart.

The archetypal simulation below demonstrates such a case for a stiff material bar that is compressed from
its top.

[
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T

Figure 6. Simulation of material compression
5.2.1.6. Drilling

http://vocab.getty.edu/page/aat/300053151 drilling (process)

Simulation input file: 06_drilling/j0112circle.inp

Drilling is a technique encountered in several crafts, such as carpentry and marble crafts, to create tubular
holes in the material. Drills may be hand and electrically powered.

Drilling is similar to turning but in this case, the material is constrained in place and the tool is rotating.
The underlying mechanism that rotates the tool is based on the wheel and axle simple machine. The
drilling mechanism is based on the wedge simple machine.

Figure 7. Simulation of material drilling.

5.2.2. Add

http://vocab.getty.edu/page/aat/300229467 - <additive and joining processes and techniques>

Additive actions regard the assembly of structures. The simulation models focus on the forces that are
used to place the added materials and the stability of the result.
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The mechanisms used to model assembly are governed by the forces needed to place an assembled piece
in place. The stability of the assembly is governed by gravity and the tension forces existing in the
assembly?®.

The mechanism that governs the instability of an assembly is the lever, in that when a piece in contact
with another body is pulled down by gravity it will either stay in place or not. In the latter case, the
unstable piece forms a lever with its supporting one, resulting in a rotational motion as it falls.

5.2.2.1. Assembly

http://vocab.getty.edu/page/aat/300053007 - assembling (additive and joining process)

Simulation input file: 07_assembly/Job-1.inp

The underlying principle in the successful assembly of built structures without adhesives (i.e. glue, mortar
etc) is the stability of the whole that is made of parts. The physical law that governs this stability is that
the gravity vector initiating through the centre of mass of each piece should intersect its supporting
surface; if this condition is met then the piece is stable, otherwise, it shall fall. When a piece falls, its fate
is determined by the location of other pieces, as well as the momentum it has gained during its fall.

To comprehensively illustrate this archetypal mechanism, a Jenga-like simulation is presented. The
following archetype regards an unstable assembly and predicts the stability of the instability of the built
structure. In this case, the structure’s fate is governed by gravity.

Figure 8. Simulation of assembly instability.

5.2.2.2. Filling

http://vocab.getty.edu/page/aat/300053092 - filling (process)

Simulation input file: 08_filling/Job-1.inp

To counter the effect of gravity and increase the stability of assembled structures adhesive material is
inserted between pieces, such as the application of glue or mortar. The adhesive material exhibits high
plasticity when applied. Waiting time is required for it to dry and be able to sustain the tension required
for holding pieces in place.

16 |t is noted that screws, bolts, and nails are also used for the stability of assemblies. However, these are classified
under the interlock archetypal simulators.
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The stability of the overall structure is determined by several factors, pertaining to the adhesive properties
of the filling material and to the density of the pieces (which determines their weight). The archetypal
simulation below illustrates the tensions developed in a brick wall due to its weight and the sustainability
of the structure due to the use of mortar.

T
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Figure 9. Simulation of assembly stability.

5.2.3. Interlock

http://vocab.getty.edu/page/aat/300229467 - <additive and joining processes and techniques>

Interlocking uses forces to store potential energy in the construction. This energy is stored in the
interlocked components because of the forces involved in maintaining their relative positions.

5.2.3.1. Fastening

http://vocab.getty.edu/page/aat/300053015 - fastening

Simulation input file: 09 fastening/Static Preload.inp

Fasteners are components used to join or connect two or more parts. They hold components in place,
creating a stable assembly. Fasteners are mainly screws, bolts, and nails, while they are very often
accompanied by nuts and washers that increase friction and hold them more securely in place.

Driving forces that insert pieces into existing assemblies store potential energy using elastic deformation,
compressive and tensile forces, frictional forces, and mechanical interference to interlock pieces in place.
The archetypal simulations below illustrate two cases. Both simulations regard the same configuration of
bodies: a horizontal beam that is fastened perpendicularly into a vertical beam.

In the first simulation, the assembly is stable, that is the fasteners are strong enough to hold the horizontal
beam in place and sustain the effect of gravity. The illustration is zoomed in on the fasteners to show the
tension withheld by them.

In the second simulation, an additional vertical load is applied on the horizontal beam, causing the
deformation of the structure. The illustration is zoomed out to show the deformation.
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Figure 10. Simulation of fasteners. Top: secure structure. Bottom: deformed structure.

5.2.3.2. Swivelling

Link: http://vocab.getty.edu/page/aat/300434215 - swivels®’

Simulation input file: 10_swivelling/Job-2.inp

Swivelling refers to the act of rotating or turning around a fixed point or axis, based on the wheel and axle
simple machine. It involves connected components that rotate around an axle, enabling the flexibility of
the composite structure. For example, in jewellery-making the mechanism that makes a necklace flexible
is the cord that passes through the jewels’ holes. The simple machine that governs this mechanism is the
wheel and axle. Other examples can be found in the blacksmithing of hinges that enable the swivelling of
doors, or in the woodworking of windmills and wooden gears that enable rotational movement.

The connected parts are referred to as “lugs”. When lugs are joined using a bolt in a way that allows them
to rotate freely, this operation is often referred to as a "pivot" or "swivel" connection. The term "swivel"
implies the ability of the connected parts to rotate around the axis of the bolt. This type of connection is
common in various mechanical applications where rotational movement is desired, such as in hinges,
joints, or other assemblies where flexibility or rotation is required.

T
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Figure 11. Simulation of swivelling.

17 The Getty Arts and Architecture Thesaurus does not contain a verb for swivelling. As such, an SKOS entry has been
authored for the Craeft Authoring Platform. Due to this lack, we have added the corresponding noun here from said
thesaurus.

Craeft D2.1 41/59



< &
°C ) D2.1 Action and affordance modelling

5.2.3.3. Tying, weaving, and knitting

http://vocab.getty.edu/page/aat/300053026 - tying

http://vocab.getty.edu/page/aat/300053642 - weaving

Link: http://vocab.getty.edu/page/aat/300053634 - knitting (process)

Simulation input file: N/A.

To model the composition of fabrics we used the TexGen simulator. As mentioned in Section 2, TexGen
models the geometry of textile structures. TexGen allows for detailed geometric modelling given
definitions on the weft and knit. Using the created models, we can understand and predict fabric
appearance and behaviour under different conditions. The process of modelling fabrics regards the
selection of textile parameters, the geometric modelling, and the setup for simulations. The latter regards
the composition of models that can be imported into the Simulia Abaqus simulator, to predict mechanical
properties of fabrics, such as sensitivity to stretching, point of rupture etc.

Below we provide examples of textile composition using the TexGen tool. The simulated structures can
be exported in multiple formats so that their behaviour and appearance as textiles can be simulated.

Figure 12. Three weaved and a knit fabric structure created using TexGen. Top-left: plain-weave; Top-right: satin-weave;
Bottom-left: arbitrary weave for creating patterned textiles; Bottom-right: knitted structure.

5.2.4. Freeform

http://vocab.getty.edu/page/aat/300053098 - forming (physical activity)
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Freeform transformations depend on the plasticity of the material, which is often induced by heat or
humidity. Pressure forces and the shape of the tool that applied them play a central role in the result.
Depending on the density of the material gravity (or self-weight) can play also a role in the result.

In some cases, heat is used to facilitate the process, as it increases the viscosity of some materials.

The relevant material properties are the plasticity of the material, as well as its elasticity which determines
if the debossed pattern will remain debossed or if the material will reassume its original shape.

5.2.4.1. Bending

http://vocab.getty.edu/page/aat/300053101 - bending

Simulation input files: 11_bending/Bending.inp, 12_bending/Job-1.inp

Bending is used in several crafting actions when plastic materials are employed. In traditional crafts,
examples are found in basket weaving, blacksmithing, woodworking, and boat building and, in general, in
cases where pressure is applied to form plies of material without breaking them. The bending of materials
is achieved with simple tools and is based on the lever simple machine. The simplest case of bending
requires at least three points of pressure, while variants can employ one point of encasement and two
points of pressure. In all cases, two levers can be identified in the mechanism.

Two archetypes are implemented, differing in the type of material damage. The first regards a ply of
material that exhibits high plasticity, such as a piece of wood that has been steamed. The second regards
a stiffer material and, in this case, a damage model is employed to simulate the non-linear deformation
that the material undergoes under pressure.
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Figure 14. Bending simulation

5.2.4.2. Moulding

http://vocab.getty.edu/page/aat/300053134 - molding (forming)
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Simulation input files: 13_moulding/CEL_BOTTLE.inp

In glasswork, the moulding process is used to create hollow bodies. In this case, the parison is then put
into a mould cavity, which is typically two halves that shall form the shape of the hollow body. The mould
closes around the parison. Either compressed air (blow) is blown into the parison or an internal mould is
used, to inflate or deform the parison, respectively. Due to this pressure, the parison takes the shape of
the mould. The pressure forces the molten glass to conform to the mould's shape, creating a hollow body.

The archetype below illustrates this operation, for the case of pressure created by the insertion of an
internal mould.

£
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Figure 15. Simulation of forming a hollow body by a moulding process.
5.2.4.3. Debossing

Debossing is the process of creating recessed relief images and designs in materials. A debossed pattern
is sunken into the surface of the material and, depending on the thickness of the material might
protrude on the reverse side.

The action type according to the standardised vocabulary is:
http://vocab.getty.edu/page/aat/300265527 - debossing

Simulation input files: 14 debossing/j300_deg60.inp

The depth dimension is such that does not cause damage or rupture to the material, such as breaking or
cracking. The simple machine that corresponds to this action is the lever which is typically used in
debossing presses.

The archetype features a tool of arbitrary shape, in this case, instantiated as a rod with a hemispherical
endpoint, to compress the material.
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Figure 16. Simulation of debossing.
5.2.4.4. Wheel-throwing

http://vocab.getty.edu/page/aat/300053908 - throwing (pottery technique)

http://vocab.getty.edu/page/aat/300257611 - blocking (surface marking)

Simulation input files: 15_wheel_throwing/xaxis.inp

Wheel-throwing is mainly encountered in pottery but mechanically similar actions are met in glasswork
(blocking). The action is similar to the turning subtractive action but, in this case, the material is highly
plastic. Thus, the operation instead of removing material deforms the shape of the rotating material,
while preserving its mass.

T
T

Figure 17. Freeform shaping of a plastic material.
5.2.4.5. Twisting

http://vocab.getty.edu/page/aat/300072926 - torsional stress

Simulation _input files: 16_twisting/s_dlob-1.inp, 16_twisting/lob-2.inp, 16_twisting/Job-3.inp,
16_twisting/Job-4.inp

Twisting refers to the action of developing torsional stress by a turning motion of a solid body about its
axis of symmetry. Twisting is a fundamental technique found in various crafts, prominently used to add
strength, aesthetics, or functionality. Examples can be found in the spinning of fibres together to make
yarn or thread, in basketry where willows are twisted into threads and in ropemaking where strands are
twisted to create ropes or cords.

The physical properties of importance are the plasticity and elasticity of the material, which determine
the stress that will be developed in the material and if it will regain its original shape or on. In turn, these
determine the stiffness of the final product, for example, if it is a fibre turned into a thread how stiff will
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be the resultant fabric made out of it. Depending on the material, its damage properties determine how
much the material can be twisted until it breaks.

In the examples below, the twisting of a ply of material is studied. Twisting occurs by a circular actuator,
which is visible on the right part of the images. In the first row, it is twisted by two full circles, in the second
row by four circles, in the third row by eight circles, and in the fourth row by sixteen circles. We observe
that while in the first row, the material is symmetrically distorted, as the twisting increases this symmetry
is not retained and the material is distorted in a non-uniform fashion. When twisting increases and
mechanical strain grows, we observe damage to the material (shown in detail in the zoomed-in images).

E

Figure 18. Twisting a ply of material multiple times.

The examples above are indicative of the value of performing realistic simulations. While in a simplified
simulation, we would expect that the material would be twisted uniformly, by simulating with realistic
parameters we can predict the limits of the action and a more accurate result.

5.2.4.5. Hot-rolling

http://vocab.getty.edu/page/aat/300137949 - hot-rolling

Hot-rolling is a method of semi-forming molten metal into long shapes narrow in cross-section, such as
rods or sheets. The material is passed between dual rollers revolving in opposite directions at a uniform
speed. The metal is heated to increase its plasticity.
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The simulation involves the simultaneous rotation of the rollers as well as the definition of a friction
coefficient that enables the motion of the material through the rollers. The example demonstrates also
the compatibility of the simulations as the rolled piece of material is the result of the cutting process in
Section 5.2.1.1; that is, one of the two pieces resulting from the cut. The realism of the simulation can be
observed in the distortions of the cut piece which are intonated as the piece passes through the rollers.
The resulting piece becomes straight and thinner. To further indicate the compatibility of simulations, we
note that the rolled piece is the piece of material used in the second engraving example of Section 5.2.1.2
(see Figure 3).

The affordance to be mentioned here is that this process can be applied only in ductile materials (i.e.
metals); it cannot be applied to pieces of wood. Moreover, temperature is required to achieve plastic
behaviours with a reasonable amount of pressure.

T
[

Figure 19. Hot-rolling of a piece of metal.

5.2.5. Composite simulations

Using the simulation archetypes as individual steps it is possible to compose more complex simulations
that mimic sequences of practitioner actions.

The example below combines four carving actions to create a cross pattern on a piece of material. The
simulation mimics the motion of a carving tool operated by a practitioner to sculpt the material. At each
carving stroke, the tool creates a ridge, which is then retracted and pushed to remove the carved piece
from the surface. The tool is then translated and rotated appropriately and the action is repeated to create
the pattern.

Simulation input file: 17_composite_carving/j0112circle.inp

Figure 20. Composition of carving actions.

The next example uses the turning archetype to create a striped pattern on a piece of material. The turning
action that carves material is repeated to create a symmetric composition.
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Figure 21. Composition of turning actions.

The next example illustrates a composition of diverse actions demonstrated in this deliverable. The main
actions of this process are the following:

e First, a piece of metal is cut from a bulk of material. This is the simulation archetype shown in
Section 5.2.1.1.

e Then this piece of metal is repeatedly passed through two parallel and simultaneously revolving
cylinders until it is thin enough to form a metallic sheet. This is demonstrated in Section 5.2.4.5.

e Then the sheet is engraved with a pattern. The engraving tool will carve a sinusoidal shape on the
surface of the material. This is demonstrated in Section 5.2.1.2.

e The sheet is finished by trimming its edges with a cutting tool to form an arrow-like shape.

Nevertheless, several intermediate and auxiliary actions take place in between, such as:

e Waiting after the rolling step for the piece to cool down and the practitioner can touch it. In this
case, the heat diffusion and temperature are simulated, using the facilities of Simulia Abaqus.

e Placing the piece on a stable position on the engraving table and moving the piece back to the
cutting. In this case, gravity is simulated to predict how the piece is going to be stabilised on the
processing surface.

The process definition is the following.

1. Step 1. Cut a piece of metal striking it with a wedge-shaped cutting tool on a cutting table.
Schema: strike, then check if the metal is cut. If not, repeat.

2. Step 2. Move the cut piece from the cutting table to the rolling machine.

3. Step 3. Measure the thickness of the piece and decide how many times it should be rolled to be
reduced to the intended thickness. The underlying constraint here is that we cannot thin the
material piece arbitrarily but we have to gradually thin it. Roll as many times as decided.

1. Step 3a. Adjust roller distance
2. Step 3b. Place the piece in front of the rollers and align it with them.
3. Step 3c. Put the rollers in motion.

Craeft D2.1 48/59



D2.1 Action and affordance modelling ;

4. Step 3d. Collect the thinned piece.

4. Step 4. Wait until the piece cools down and you can touch it. Schema: active waiting.

5. Step 5. Engraving is based on the debossing technique. This step may require multiple strokes
depending on the pattern. In this case, a single line of sinusoidal shape is drawn and, thus, a
single drag on the material is required. Engrave a shape on the piece.

6. Step 6. Move the piece back to the cutting table.

7. Step 7. Finish the piece by cutting its four edges.

1. Cutedgel
2. Cutedge?2
3. Cutedge3
4. Cutedged

The workflow of the process is shown in the diagram below.

Step 1. Cut a piece of
metal striking it with a
wedge-shape cutting tool
on a cutting table

Reduced to the
intended thickness

[ Step 4 Active waiting ]q—
the metal is cut

The piece cools down
and you can touch it

Step 2. Move the cut piece
from the cutting table to the
rolling machine.

Step 5. Engraving is based on the

debossing technique. This step may
Step 3. Measure the thickness of the piece and decide require multiple strokes depending on
how many times it should be rolled to be reduced to the the pattern. In this case, a single line of
intended thickness. The underlying constraint here is sinusoidal shape is drawn and, thus, a
that we cannot thin the material piece arbitrarily but we

single drag on the material is required.
have to gradually thin it. Roll as many times as decided Engrave a shape on the piece.

[ Step 3a. Adjust roller distance ]<|— Step 6 Move the piece
47 back to the cutting table.

[Step 3b. Place the piece in front of]

the rollers and align it with them.

Step 7. Finish the piece by
cuiting its four edges.
Cut edges 1-4

[ step 3c. Put the rollers in motion. | Neo

[step 3d. Collect the thinned piece. |

Figure 22. A flowchart of a composite process simulation using archetypal action simulations.

In the following figures, we show the results of the simulations that have not been shown in the previous
examples. The figure below illustrates the placement of a piece on the cutting table, by simulating gravity.
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Figure 23. Placing a piece of material on a surface until it stabilises due to gravity.

In the following figure, the finishing of the part into an arrow-shape results using four cuts is shown.

Figure 23. Finishing a piece of material on a surface using four cuts (each row corresponds to a cut).

The final piece at rest due to gravity and its rendering as a metallic part is shown in the figure below.

(hvg: 75%)
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Figure 24. The resulting piece is at rest and it is rendered as a metallic object.

5.2.5. Discussion

The simulation archetypes presented in this section are intended to serve a dual purpose:

This first is to provide “templates” of craft-specific action simulators. These templates are generic as to
the material properties and models, as well as to the pose and shape of the objects in the simulations. In
other words, the material properties and models can be changed so that the same action is simulated for
different materials and practitioner motions. Moreover, the shape of tools can be directly substituted
with more specific ones, pertinent to the specific craft action to be simulated.

The second is to comprise the building blocks of craft-specific process simulators. The last subsection of
this section (5.2.4) demonstrated the potential of composing sequences of actions. This will be in the
future employed by the Craft Studio and the Design Studio for the training of practitioners and the design
of new craft products.
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6. Interfacing

Although the utilisation of archetypal simulations in interactive and immersive environments is not part
of this deliverable, we must make sure that the archetypal simulators are compatible and can be used in
the software that implements these environments. The Unity game engine has been selected as the
implementation tool for the virtual environments that will be implemented in Craeft. This section
describes the process of implementing the interface between the Simulia Abaqus software into the Unity
game engine.

The reasons behind the selection of the Unity game engine as the development platform for interactive,
immersive, and 3D applications are the following:

1. It supports cross-platform development which enables the creation of applications that can be
deployed across multiple platforms with minimal changes to the source code.

2. Ithasarobust community and support due to the large and active community of Unity developers,
which is a valuable resource for troubleshooting, sharing, and learning from others' experiences.

3. It provides extensive integration capabilities with other software platforms which is important for
Craeft since we plan to integrate haptics, VR, and AR with the applications developed in it.

4. It is quite cost-efficient and users have to pay for a license only when there is commercial
exploitation of products developed with it.

5. All technical partners of the consortium have significant experience using it.

As mentioned in Section 3.8, we use the surface description of the simulation output to interface with
virtual environment engines. As Simulia Abaqus does not offer a file format directly compatible with Unity,
we used the exported WRL file format and devised a solution for interfacing with Unity which is outlined
below.

To illustrate the process we use an example of an archetypal simulator where a piece of material is cut
with a sharp tool. In this case, we instantiated the simulation for the wood material and the
implementation in Unity used an analogous texture. The archetypal simulation is shown in the figure
below:

TE K/\/,

Figure 25. A simulation of cutting a piece of material.
The following procedure was employed to import the simulation output to the Unity game engine.

1. Since the .WRL file contains all mesh, material, and animation data in a single file, creating a
custom parser to separate these components was necessary. The process begins by dividing the
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original .WRL files into several files, each representing a single frame of animation. This splitting
is guided by the detection of specific markers within the file (see figure below):

Figure 26. Analysis of input file from Simulia Abaqus and identification of animation frames.

2.

Identifying Animation Frames: The parser scans for the string "#Drawing the Glyphs". The
presence of this string signifies the start of a new animation frame. Upon encountering this string,
the parser initiates the creation of a new .WRL file dedicated to that specific frame.

Removing Unnecessary Elements: Since Simulia Abaqus exports all elements in the scene as
meshes—including non-essential items like text and Ul components like the play button—these
extraneous elements need to be filtered out. This clean-up is performed by identifying and acting
upon lines containing specific strings within the .WRL file. For instance, the line "#Drawing the
Glyphs" is a key indicator. When the parser encounters this line, it disregards all subsequent lines
from the beginning of the curly bracket ‘{' to its closing ‘}'. This selective exclusion is applied across
each .WRL frame file.

This approach ensures that for each result, the .WRL file is streamlined, containing only the essential data
for each animation frame, free from surplus mesh, lines, text, and vertices that were originally part of the
broader scene exported from Simulia Abaqus.

4.

Once the parser completes its task, a .WRL file is generated for each frame, containing only the
necessary vertices. However, these files must be converted into a format Unity can recognize and
use for animation. This conversion is achieved through a combination of a Python script and a
geometry node setup in Blender. The process involves the following steps:
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Creating a Foundation in Blender: An empty mesh is created in Blender. This mesh is then
equipped with a Geometry node setup named “ObjToAlembic.”

Organizing .WRL Files: The Python script searches through a folder structure to locate all
.WRL files. These files are imported into Blender, with each folder of .WRL files form its
own collection. If there are multiple folders, each with its set of .WRL frame files are
imported as separate collections.

Pre-processing in Blender: As the .WRL files are imported as 3D meshes into Blender, they
undergo a “cleaning” process. This cleaning includes the removal of loose vertices, the
elimination of overlapping vertices, and the standardization of normals for consistency.

Figure 27. Animating and exporting 3D video frames in Blender.

d.

Animating and Exporting: Each Blender collection corresponds to a set of. WRL files are
attached to the “ObjToAlembic” geometry node setup. This setup is designed to place
each mesh sequentially along the timeline, effectively creating an animation sequence.
This sequence is then exported as an Alembic (.abc) file, a format compatible with various
game engines, including Unity.

Through this method, the original .WRL files from Simulia Abaqus are transformed into an animation-
friendly format, enabling their use in Unity for dynamic and interactive visualizations. The combination of
Python scripting and Blender's geometry node capabilities streamlines this conversion process, ensuring
efficient and effective preparation of 3D animation data.

5. The final step involves importing the Alembic file into Unity and configuring it for playback. It is
important to note that Alembic files are run from the disk in Unity. This means that animations
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with denser meshes require a faster SSD, as Alembic essentially displays a new mesh for each
frame. This requirement underscores the importance of thoroughly cleaning and optimizing the
file beforehand to ensure smooth playback.

In the figure below the rendering of the simulation in a video in Blender is shown. The full video can be
found on the Craeft YouTube channel: https://www.youtube.com/watch?v=3godXrVrEfY

Figure 28. Final alembic animation result in Unity with a tri-planar material added to the wood.
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7. Conclusions

This deliverable begins with an introduction in Section 1, outlining its purpose, scope, and the definitions
of key concepts. Section 2 comprehensively reviews the current state of crafting simulation, covering
theoretical models, simple craft simulators, craft presentation systems, visual simulations, the use of the
Finite Element Method for mechanical simulations, textile modelling software, and robotic re-enactments
of crafting actions. Section 3 details the project's approach to modelling crafting actions and affordances,
including environmental conditions, material properties, object shapes, and causing entities, and classifies
actions into additive, subtractive, interlocking, and shaping categories. Section 4 connects these findings
to the Maker Material Negotiation model, defining the ontology of action classes and presenting an action
description template. Section 5 discusses the technical simulation approach using the Finite Elements
Method and its integration with the Unity engine for crafting training applications, the design of
simulation archetypes, and the testing of these simulations, with results stored on the Zenodo platform.
Section 6 explains how the simulations can be exported to virtual environments, specifically using the
Unity game engine.

The next steps of this work are classified into two lines of work.

The first line of work is to complete the archetypal simulators in Section 5 with subclasses of actions that
we might have missed and discovered through further analysis of ethnographic studies. Furthermore, we
will create multiple instances of the subclasses for the different shapes of tools and materials used in the
ethnographic studies. For this purpose, we need to implement a way to directly import 3D models of tools,
obtained either from the digitisation of CAD models, in the simulations.

The second line of work is to implement a way to automatically export variants of these simulators for
different action parameters, such as the incidence angle of a cutting tool or its force. Our approach will
be based on the open format of the simulation input files. Specifically, we plan to write software that
systematically modulates the execution parameters of the simulation and collects the simulation results.
In turn, these results will be used to create all possible outcomes of each action so that we can create
interactive simulations. Although these could be used to create a “lookup table” of possible outcomes
that is used for different parameters it will probably require a large storage capacity. Therefore, we plan
to use neural networks to learn these outcomes and provide real-time interactivity.
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