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Algorithmic design harnesses the power of computation to generate a form based on input data and rules. In the product
design setting, a major advantage afforded by this approach is the ability to automate the customization of design
variations in accordance with the requirements of individual users. The background knowledge, intuition, and critical
judgement of the designer are still essential but are focused on different areas of the design process.
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| 1. Introduction

Algorithmic design harnesses the power of computation to explore a greater diversity of concepts around a particular
design goal in the development process. The background knowledge, intuition, and critical judgement of the designer are
still essential but are focused on different areas of the design process. This includes developing the basic abstraction of
the problem, designing algorithms for the basic form and constraints, the selection of promising avenues of exploration,
and the refinement of problem parameters. These activities require the same creativity, intuition, and judgement normally
associated with innovative design working. The generation of the algorithms and code requires logical means of thinking
and skills in software that may not be currently familiar to designers.

| 2. Application to Product Development Process
2.1. Micro and Macro Level Design

With a view to creating a human-centered approach that can deal with complex information such as the anatomical
requirements for wearable devices, the researchers can demarcate the design problem in order to manage this flexibility.
Programmatically, from a required functional performance through to the granular detail of the geometry of
components, the researchers can split the algorithmic approach into two broad categories: macro-level and micro-level.
Each level deals with a distinct set of design problems. The macro-level deals with the processing of an overall
architecture. Within the context of a human-centered approach, this would entail processing the user’s biomechanical data
into a target system architecture including a spatial embedding of this connected structure around the user’s target
anatomy. It is the macro-level algorithm that relates these abstract definitions to the spatial embedding. This spatial
embedding involves arranging the components and their network of connectivity around the geometry and biomechanics
of the individual product user. The macro-level graph representation supplies all the necessary boundary conditions to the
sub-problem tackled by the micro-level algorithm, along with its control volume—the definition of the space within which
the element under consideration can exist.

This subsequently allows us to pass from a high-level design problem at the macro level to a range of micro-level
algorithms. The researchers can then derive a complete description of the sub-problem of generating the form for a part of
the enclosure which must, e.g., allow bending around a particular axis under a certain force or, say, be entirely rigid under
normal operation. With respect to the description, the researchers can relate the macro-micro bilateral to the problem of
human-centered design thinking more concretely. The macro-level design relates to the breakdown of the broad
ergonomics, i.e., the geometry that specifically relates to the human bodies likely to interact with the product. This could
range from a very specific group to something intended for broad use within a population.

Specification and initial ideation take place at the beginning of the generative design process and establish the rough
boundaries of the design. These rough boundaries allow for the elimination of a vast number of possible but not-suitable
configurations, while establishing a basis in which to explore possible and suitable configurations. The specifications are
set through the conventional means of research, and the potential solutions are explored in relation to these specifications



with the assumption that these solutions are not optimal until all of the human-factors and design ontology intelligence has
been inputted into the algorithm.

2.2. Conceptulisation Stage: Graphing and SBF Approach

For computational approaches, algorithms are necessary to govern the overall topology of the structure in relation to key
ergonomic data, but a series of additional rules were created for the generation of detailed structure based on target
functionality. Within the context of generative design, functional definition is a key factor for a successful algorithmic
design outcome W. This allows the algorithm to work to achieve the desired goal within the defined boundaries and
creates the necessary constraints. The functional definition utilized for generative design algorithms has a specific
ontological status which influences how they are implemented programmatically. Critically, this relates to an understanding
of abstract classes in a Structure-Behavior-Function (SBF) design ontology & that allow us to understand the spatial
boundaries and the functional behaviors that might exist within those boundaries. The behavior aspect is composed of a
series of states of the product system with transitions between them. Each transition will have a function which
implements it with any input and output variables. Each function may then in turn be composed of a series of behaviors. In
this way, functions may be decomposed with ever-increasing granularity; but how does this help with form generation and
the algorithmic approach? Tools such as GraphML which facilitate a machine-readable representation of product structure
are a useful starting point. These tools make explicit the connectivity network of the sub-assemblies and components
within a system. This is one method in which the system architecture can be described in terms of the relationships
between the form, behaviors, and functions of a given product, providing a useful architecture for establishing a human-
centered framework for form generation.

Referring to related functions allows checks to be carried out on the viability of the current design implementation against
its intended overall function. Having this kind of machine-readable representation of the design intent and implementation
allows it to be parsed and interrogated in different ways. By developing a clear framework that tracks from the highest-
level goals and functions of the product system down to the component and material level of the product’s implementation
and fabrication, the researchers obtain a workflow that is robust to change.

In applying this to the design problem of bespoke wearable controllers, the researchers can see how the boundaries of
the system can be grouped into abstract classes that have specific behaviors and functions. Figure 1 shows this in more
detail, where a hypothetical controller design can be parsed into distinct sections or classes. The volume bounded
between the inner and outer surfaces is the “thickness volume” of which there is a corresponding inner surface and
contained volume and outer surface. These difference abstractions of the hypothetical form elements can be used to
establish the placement of componentry and the interactions between sub-assemblies. By creating class definitions which
have member variables including 3D surfaces and volumes, the researchers are able to then move from an abstract
representation of the design intent to one which can exist in a 3D CAD environment.
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Figure 1. Diagrammatic relationship between the abstract volumes and surfaces of the controller housing class.

2.3. Embodiment Stage: Macro-Level SBF Solutions

With the intention of making the controller design highly attuned to ergonomics, the workflow incorporates the use of 3D
scanners in order to acquire data on user anatomy. This is a direct input that differentiates this methodology as human-
centered, drawing directly from discrete ergonomic properties to inform the design. Where this example utilizes ergonomic
data, other forms of inputs could be used in replacement or as a complement.



Making use of 3D scanning and derived knowledge about the location of the user’s joints, the researchers can then map
the abstract SBF graph onto a spatial arrangement around the user's arm. Figure 2 shows some hypothetical
arrangements informed by the abstract class structure previously shown in Figure 1. Once in place, the researchers can
use this spatially embedded graph to partition the space around the user’s arm and allocate the space available to each
element or sub-assembly. Crucially, the degrees of freedom, spatial bounds, and mechanical performance required of any
deformable, compliant elements will be specified at this stage. Supplementary information such as the user’s weight, age,
and gender can be used to complement the ergonomic information and help to fill in any unknown information. For the
purposes of this research, a standard arm mesh available for Rhino was utilized in order to demonstrate the approach.

Figure 2. Form generations developed from abstract class definitions and ergonomic inputs.

The researchers can then anchor the abstract graph structure to its relevant points on the user’s arm utilizing scan mesh
data. The initial results are shown in Figure 3 (left), where each node in the graph is given a bounding sphere of the same
radius. In this way, a physical structure to the product system that is valid in its adjacency and connectivity of functional
components can emerge from this form-finding process, regardless of the particular anthropometry of the individual
intended user. Whilst this spatial embedding of the structure may still seem abstract, the connectivity of the elements to
the bone structure of the arm and its manifold mesh surface allows for the generation of CAD geometry through a variety
of means by manifesting multiple points of reference.
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Figure 3. (Left) The structure graph network. (Right) Network loaded directly into the CAD environment adjacent to the

arm mesh. The structure graph is arranged around the arm mesh.

The next step here is to take the scan data as an input and integrate it with the data structure representing the joints and
orientation of the user’s bones. By filtering the named nodes in the abstract graph representation, the number and
connectivity of features which contact the user’s limb can be extracted and used to drive the component placement step.
Knowing the location for the custom elements that will interact directly with the user, their relationship to the user’s
anthropometry, the biomechanics, and the context for these elements within the product assembly, CAD models can be



generated with respect to this human-factors data. The interactive physics engine “Kangaroo” inside Grasshopper was
utilized to undertake a series of form-finding processes to arrive at a layout geometry for the bespoke features, taking the
form of straps that can wrap around a specific user’s forearm and wrist, presented as a series of surfaces with unique
dimensions (Figure 4). Another script is used to “unroll” the surfaces from around the scan mesh. The output of this stage
of the algorithmic approach is a series of straps composed of planar facets. The face angle between each facet and its
neighbors will also be unique with respect to the ergonomic profile.

Figure 4. Unique dimensions of generated strap geometry.
2.4. Realization Stage: Generation of Device Concepts

In essence, the graphing of the relationships between function and structure facilitates the identification of critical points of
interaction around the anthropometric data. From here, the crucial sub-problems that support the creation of local
mechanical features, attuned around the ergonomic constraints, can then be defined. The mechanism pictured in Figure
5 has been created as a fully parametric model in Grasshopper for PRIME-VR2 and is a clear “proof-of-concept” for the
human-factors based design methodology the researchers are exploring here. The image on the left shows how the
spatial relationships of the device have been informed by a user’s scan mesh, with the image on the right showing an
elaborated design which includes componentry and more complex mechanical elements worked into the design after the
spatial definitions have been set.

Figure 5. An initial arrangement of a linkage resulting in a rotation around a virtual axis aligned to the user’s wrist.

2.5. Implicaions for Design Practice

This case study shows how generative design development can be attuned around a specific human-centered workflow
integrating ergonomic data and domain-specific intelligence regarding the functional goals of the object in question. This
raises question of how these methods can influence wider design practice and whether a wide adoption is feasible in the
current climate.

Part of what has been discussed herein is the significant conceptual shift in design thinking required to implement
generative design development work effectively. The researchers presented the problem of design domains and the
relations between elements. A system such as this is not widely used within traditionally understood design methodologies
such as Pugh's B! that essentially assume that the design solution is arrived at by a slow process of problem solving.
Generative design requires a different philosophy, whereby design solutions are optimized around a defined set of
constraints and critically remove direct command over the solution space. The design process is, as a result, entirely



reconfigured and incorporates the modern tools of CAD, CAM, and digital optimization strategies as part of the initial
conditions for successful design work.

Immediately, this has implications for the delivery of design teaching—should the pedagogic models be expanded to
include CAD visual programming workflows such as Grasshopper, for example? Some researchers have argued for this
very thing (see Bl as it may enhance the possibilities open to new designers and push the boundaries of innovation.
Certainly, as this work has argued, HCD can benefit hugely from generative methods at both the macro-structural and the
micro-detailed design levels. As other researchers such as Abby Patterson [€l have demonstrated, generative tools have
huge applications in bespoke products for medicine, and combined with good interface design and software control, the
tools could be widely used and broadly intelligible.

This in turn raises questions of adoption feasibility—how do such systems integrate with the current design practices that
are already entrenched within industry today? As noted, often the problem is “cultural”, where particular design
approaches are viewed as superior simply because of their widespread use. A case study such as PRIME-VR2 controller,
though, may be a convincing exemplar in how generative methods could enhance innovation in HCD and perhaps
broaden conversations in how industrial designers approach complex human-factors problems.
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