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Abstract 

As engineering applications require management of ever larger volumes of data, ontologies offer 

the potential to capture, manage, and augment data with the capability for automated reasoning 

and semantic querying. Unfortunately, considerable barriers hinder wider deployment of 

ontologies in engineering. Key among these is lack of a shared top-level ontology to unify and 

organize disparate aspects of the field and coordinate co-development of orthogonal ontologies. 

As a result, many engineering ontologies are limited to their scope, and functionally difficult to 

extend or interoperate with other engineering ontologies. This paper demonstrates how the use of 

a top-level ontology, specifically the Basic Formal Ontology (BFO), greatly facilitates 

interoperability of multiple engineering-related ontologies. We constructed a system of formal 

linked ontologies by re-engineering legacy ontologies to be conformant with BFO and developing 

new BFO-conformant ontologies to capture knowledge in the engineering design, enterprise, 

human factors, manufacturing, and application domain of additive manufacturing. The resulting 

Integrated Framework for Additively Manufactured Products (IFAMP), including the body 

knowledge instantiated on its basis, serve as the basis for a proposed Design with Additive 

Manufacturing Method (DAMM), which we believe can support the design of innovative products 

with semantically enhanced ideation tools and enhanced access to application domain knowledge. 

The method and its facilitation through the ontological framework are demonstrated using a case 

study in medicine. 
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1 Introduction 

1.1 Additive Manufacturing 

1.1.1 Overview of Additive Manufacturing 

Additive manufacturing (AM) comprises a range of manufacturing technologies that 

construct parts by progressively adding material, as opposed to removing material, which is what 

happens in conventional machining. Compared to additive processes such as welding, AM 

typically employs an additive process that is being driven by a computer working to replicate the 

geometry specified in a digital model. The primary mechanisms and methods for additive 

manufacturing using stereolithography techniques were first proposed in a series of patents in the 

1950s (Bourell et al. 2009). Since its inception, additive manufacturing has expanded to support 

an increasing set of methods. These include processes to fabricate parts from a variety of plastics, 

ceramics, metals, and even biological materials. The technology has moreover seen expanding use 

in areas as diverse as rapid prototyping, mass customization of products, aerospace, and medical 

devices (Wohlers and Gornet 2011).  

The main advantages of AM come from its low tooling costs, which allow cheap 

customization, and from its ability to create parts with high complexity. Gibson et al. (Gibson et 

al. 2010), for example, note that AM can manufacture structures that exhibit not only shape but 

also functional and hierarchical complexity. Shape complexity refers to the intricate geometries 

that are possible with AM. Functional complexity is the ability of a single product to do many 

things and to consolidate assembly functions into a single part. Hierarchical complexity describes 

the inclusion of both macro and mesoscale features. On the other hand, however, these advantages 

come with significant costs. These include costs of materials (Ruffo, Tuck, and Hague 2006), 

availability of common engineering materials (Bourell et al. 2009; Kumar and Kruth 2008), 

performance costs (Barclift and Williams 2012; Kumar and Kruth 2008), as well as slow process 

speeds and scalability issues.  

1.1.2 Design for Additive Manufacturing 

Such concerns, combined with the creative challenge introduced by significantly greater 

design freedom, have led to the development of novel methods tailored specifically for design for 

additive manufacturing (DFAM). These include methods to help designers take advantage of 

greatly expanded design freedom which AM affords. A common DFAM approach is to focus on 

process limitations. Such methods include topological optimization around manufacturing 
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constraints (Gardan and Schneider 2015), single-process design checking approaches, and 

generalized design guidelines for additive manufacturing (Gibson et al. 2010; Perez, Anderson, 

and Wood 2015; Thomas 2009; Adam and Zimmer 2014). Many methods focus on the creative 

aspects of design. These include approaches encouraging functional consolidation of assemblies 

into single parts (Yang and Zhao 2015), on-line design repositories depicting AM solutions 

(Laverne et al. 2015; Rodrigue and Rivette 2010), tables of useful features (Bin Maidin, Campbell, 

and Pei 2012), and team-based methods integrating AM expertise early in the design (Laverne et 

al. 2015). Unfortunately, however, these methods typically deal with just one single type of AM 

process, and they prove difficult to generalize to other cases. Alternatively, they consider AM as 

a monolithic technology rather than as a diverse set of related technologies having significantly 

different capabilities and applications. They thus ignore many of the knowledge-based challenges 

associated with AM, or they artificially restrict the design space so as to mitigate them. 

 The sheer scope and complexity of the sorts of knowledge, data and tools required for 

DFAM have spurred interest in knowledge management approaches for AM. For example, one 

such framework used a simple semantic network to link AM product designs to a limited set of 

“values” that they might possess (Kumke, Watschke, and Vietor 2016; Kumke et al. 2017). While 

a valuable approach, the simplicity of a simple network likely limits its ability to capture detailed 

product information and support complex or highly specific queries addressed against the available 

data. Other work has focused on using ontologies as a tool to support DFAM itself. These include 

the creation of an ontology of additive manufacturing processes (Eddy et al. 2015) and a design 

for additive manufacturing ontology (Dinar and Rosen 2017). More recently a modular multi-

domain ontology was used to link process and machine capability information to a repository of 

AM designs, which was then used to construct a set of sample queries to aid in design (Hagedorn, 

Krishnamurty, and Grosse 2018). While we believe that these represent significant contributions 

in ontology development for additive manufacturing, it is notable that neither of these resources 

incorporated robust methods for incorporating into the design process knowledge from the product 

domain, for example knowledge about properties of materials or about product use environments. 

This represents a major shortfall, as such knowledge would both allow better decision-making 

regarding design choices and assist in the development of more innovative products.  
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1.1.3 Additive Manufacturing in Medicine 

AM has seen an increasing number of applications in medicine. Common applications 

include anatomical models for training (Waran et al. 2014), planning and education through use of 

3D digital models (Preece et al. 2013), cutting and drilling guides customized to patient anatomy 

(Barrack et al. 2012; Slover et al. 2012; Nam et al. 2013), and creating orthopedic prostheses 

similarly customized to a specific patient (Lethaus et al. 2012; Farré-Guasch et al. 2015; Jardini et 

al. 2014; Dérand, Rännar, and Hirsch 2012). Despite its promise, however, many issues prevent 

wider adoption of AM in medicine. These range from concerns over safety, reliability, and 

accuracy of AM parts on the one hand to logistical problems on the other. There are also broader 

concerns over how AM might be used economically for medical applications (Martelli et al. 2016). 

Even absent the added considerations of DFAM, medical environments can be challenging for 

designers due to factors such as limited accessibility of domain knowledge (Martin et al. 2008; 

Demers-Payette, Lehoux, and Daudelin 2016; Nagel et al. 2008), restricted access to stakeholders 

(Martin et al. 2008), pervasive regulatory concerns (Kaplan et al. 2004), complicated market 

structures (Aquino Shluzas, Steinert, and Leifer 2011), and overall difficulty in assessing the 

requirements and value of new technologies (Martin et al. 2012). Like DFAM generally, therefore, 

designing for additive manufacturing in medicine requires the application of domain specific 

knowledge to aid in design, decision making, and ultimately innovation. Unfortunately, medical 

device design methods rarely offer much in the way of guidance or software tools for applying 

medical domain knowledge. One potential solution is knowledge management through ontologies, 

a solution that is all the more attractive given the large body of sophisticated biomedical ontology 

resources, not least in the domain of anatomy (Rosse and Mejino 2008).  

1.1.4 Ontology Development 

Ontologies are a potentially powerful tool for knowledge management (Chandrasegaran et 

al. 2013). An ontology represents domain knowledge in the form of a hierarchy of terms describing 

some domain, relations between these terms, and definitions that may be used to classify specific 

entities (Gruber 1993; Gruber 1995). The result is a machine and human readable representation 

of entities and relations that may be used to annotate (or tag) otherwise ambiguous information, 

provide it with context, promote interoperability with information from other sources or domains, 

and reason over the information using automated reasoning software (Gruber 1991). This 

formalization of knowledge in a machine-readable format is key to the implementation of the 
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semantic web and semantic web tools, which seek to annotate and organize data retrieved from 

online repositories using controlled terminologies to provide highly sophisticated data-based 

services (Berners-Lee, Hendler, and Lassila 2001).  

There are two main types of ontology: top-level ontologies (TLOs) and domain ontologies. 

TLOs provide a high-level philosophical view of the world, which alongside development aids 

such as style guidelines and additional documentation may be used to develop more specialized 

domain ontologies ((Breuker, Valente, and Winkels 2004; Fox and Gruninger 1998; Cowell and 

Smith 2010)). TLOs are formulated so as to be maximally general and are such that their 

definitions do not presuppose the use of any more general terms at higher levels. Examples of TLO 

terms are ‘object’, ‘process’, ‘spatial region’, and so forth. Domain ontologies by contrast are 

ontologies that are developed to represent the knowledge and terminology specific to some 

professional, scientific, or similar domain. Ideally domain ontology terms are defined in such a 

way that they draw on one or more terms of the sort included in top-level ontologies. Examples of 

domain ontology terms are ‘machine’, ‘welding’, ‘porcelain’. 

As Gruber saw already in 1993, provided these domain ontologies adhere to shared 

development principles and do not overlap by replicating each other’s terminology, ontologies are 

naturally interoperable with one another, shareable, and extensible to new domains (Gruber, 1993). 

Combined with infrastructure to share, vet, and curate new ontologies the use of a common top-

level ontology makes it possible to coordinate powerful co-development efforts by drawing on 

shared principles and expertise. It also provides the computational basis for consistent application 

of semantic web tools across multiple fields. In biomedicine, for example, efforts like the Open 

Biomedical Ontologies (OBO) Foundry (Smith et al. 2007) and the Human Phenotype Ontology) 

(Le, Dao 2018, Robinson 2012) have shown the power of sophisticated domain ontologies to 

advance clinical science through deployment of semantic web tools.  

1.1.5 Ontologies in Engineering 

As with the specific case of AM, ontologies have been touted as a potential solution for the 

explosion in complexity of data and knowledge used in intensive engineering design projects 

generally. Past research has led to the development of many ontologies for engineering domains 

and subdomains. These include multiple proposed upper level ontologies (Saeema and Mario 

2007; Štorga, Andreasen, and Marjanović 2010), terminologies to support modeling of functions 

(Hirtz et al. 2002) and of products (Fenves 2001), as well as ontological representations of such 
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terminologies (Fernandes et al. 2007; Eddy et al. 2011), and ontological approaches for tracking 

information relating to manufacturing capabilities (Ameri and Dutta 2006) among many others. 

Other work has focused ontologies describing different aspects of engineering design, modeling 

and innovation, including ontologies aiming to capture data relating to engineering models 

(Grosse, Milton–Benoit, and Wileden 2005), decision making (Rockwell et al. 2009), usable 

design (Hagedorn, Krishnamurty, and Grosse 2016), laminated composite materials (Premkumar 

et al. 2014), sustainable design (Eddy et al. 2014), as well as a modular ontological framework for 

design (Eddy et al. 2011) and multidisciplinary work using ontologies for annotating bio-models 

(McPherson et al. 2013) and for medical device innovation (Hagedorn, Grosse, and Krishnamurty 

2015).  

Despite the breadth of ontologies proposed for various engineering subdomains, however, 

their use in industry remains relatively rare. While several factors are likely culprits in this lack of 

uptake, many issues stem from failures of interoperability. There are just too many engineering 

ontologies, almost all of which are developed in an ad hoc fashion with little attention to issues of 

orthogonality, cross-ontology compatibility and sustainability. Few engineering ontologies utilize 

a top-level ontology to organize their terms, provide development guidelines, or establish a basic 

philosophical-architectural perspective. As a result, few engineering ontologies adhere to shared 

modeling principles, and so interoperability between any two engineering ontologies is rare. There 

has been relatively little co-development or -curation of engineering ontologies, which stands in 

stark contrast to fields such as biomedicine that have seen widespread collaborative development 

and use of ontologies and ontology-based tools. Many ontologies published in the engineering 

literature have not been made publicly available, meaning they provide little in the way of input to 

subsequent ontology development or of lessons of consequence for the construction and 

application of ontology-based engineering tools by subsequent generations. Within the field of 

engineering – again as contrasted with biomedicine (Noy et al. 2009) – curated ontology 

repositories are rare. As a result, efforts to develop new, high quality engineering ontologies and 

semantic web applications must often start from scratch.  

Existing engineering ontologies are often overlapping, non-interoperable, unreadable by 

humans, and defined in an esoteric fashion that limits their usefulness to the broader community. 

For simple, self-contained applications these issues may not be significant. However, few 

engineering applications are simple, and many of the core advantages offered by ontologies depend 
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precisely on formality, interoperability, availability, and usefulness beyond any single application. 

More recent efforts seek to address these issues with coordinate co-development of engineering 

domain ontologies (Mohd, Rai, and Otte, 2019; Wallace, Kiritsis, and Smith 2018), but at present 

there are few demonstrations of highly interoperable engineering ontologies 

1.1.6 Objectives and Scope 

This paper has two main objectives. First, we will seek to demonstrate the utility, power, 

and potential of ontologies developed using not only a shared top-level ontology but also shared 

development principles and modular, orthogonal structure. It will aim to do so by showcasing the 

development of an ontological framework combining prior work in the additive manufacturing 

domain developed using these principles with broader knowledge reflecting stakeholders. This 

framework is constructed so that it may be extended with knowledge from specific problem 

domains. This approach is novel as it requires both more typical domain ontology development 

and suite level semantic considerations to permit extension to new domains While we will focus 

here on the use of AM in the medical field, the ontology is formulated so that it might be applied 

to virtually any engineering design problem and incorporate existing ontologies as needed. Second, 

this work applies the proposed ontology suite to advance a novel new engineering design method. 

The method serves to demonstrate how ontological framework may facilitate the design of 

innovative products based on knowledge intensive, automated design checking and query-based 

design ideation.  

2 Methods 

2.1 Development of Ontology 

The ontological framework developed for this work is designed to provide an Integrated 

Framework for Additively Manufactured Products (IFAMP). It is envisioned that such a unified 

framework will allow useful cross-domain reasoning that will facilitate the development of more 

innovative designs in fields such as those depicted in Figure 1. It provides an ontological 

representation of the design, intended manufacturing processes, usability, and innovation that may 

be used to facilitate rule-based semantic reasoning and a knowledge base accessible through 

queries. IFAMP is also intended to serve as a demonstration of how ontology development 

methodologies such as adoption of a shared TLO and development principles, modularity, 

orthogonality, and reuse of existing ontologies might help reduce or eliminate barriers to wider 

adoption in industry.   
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Figure 1. Overview of the unified design framework implemented in IFAMP. Gear colors will be 

used to indicate knowledge domains in subsequent figures.  

 While this work primarily focuses on a medical application area, knowledge of virtually 

any field might be substituted for the medicine-specific aspects of this work. IFAMP was 

developed using a highly modular structure so as to support the ability to substitute or expand 

specific domain knowledge without needing to revise or even substantially modify the rest of the 

ontology suite. Every domain ontology comprising IFAMP may be separated from the greater 

whole and incorporated into new ontologies or applications. 

2.1.1 Top-Level Ontology 

IFAMP was implemented under a shared top-level ontology and makes extensive use of 

past work published in the literature. The selected TLO was used to help proscribe a basic view of 

the world for the IFAMP framework, allowing easier rationalization of the included knowledge 

domains. The Basic Formal Ontology (BFO) (Arp, Smith, and Spear 2015) was selected for this 

work for several reasons:  
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1. The existence of several well vetted mid-level ontologies defined in its terms (Smith 

and Ceusters 2015; Smith et al. 2005),  

2. The availability of high-quality documentation and style guidelines (Arp, Smith, and 

Spear 2015),  

3. Complementary prior and ongoing work using BFO (Furini et al. 2016, Mohd, Rai, and 

Otte, 2019; Wallace, Kiritsis, and Smith 2018) 

Since ontologies sharing a common top-level and adhering to the same development 

principles can often be linked seamlessly with one another, use of BFO allowed multiple domain 

ontologies to coexist and interoperate more easily. In this work BFO allows IFAMP repurpose 

previously reported ontologies with little to no additional work. It also means that subsequent 

development efforts can do the same with the IFAMP ontologies. This allows more rapid and less 

labor-intensive development of ontologies for new domains.  

Within BFO all entities are split into two disjoint groups dubbed Continuants and 

Occurrents respectively. Continuants can be thought of as entities described via a sequence of 

snapshots in time, such as people, traits such as temperature or mass, and information entities such 

as documents or databases. Continuants maintain their identity from one snapshot – which means 

from one moment in time – to the next. There are three distinct subtypes of continuant. Independent 

continuants, which exist independently of other entities. This class includes things like objects, 

environments, natural engineered systems, spatial regions, and the like. Specifically, dependent 

continuants by contrast must be borne by other entities. Things such as shape, mass, and function 

for example are specifically dependent on some independent entity having geometry, mass, or 

function. Generically dependent continuants similarly depend for their existence on some other 

entity but may be borne by different entities at different times, or by many entities at the same 

time. This includes things like digital records and other information content entities, including 

designs and software. Occurrents, in contrast, unfold in time and include things like processes, 

lives, histories, and processing realizing the functions of artifacts such as the pumping processes 

realizing the function of a pump. (Arp, Smith, and Spear 2015).  

2.1.2 Use of Existing BFO Conformant Ontologies 

Several existing BFO conformant ontologies were used to facilitate the development of 

IFAMP. The Common Core Ontologies1 were used as a mid-level between BFO and more specific 

                                                 
1 https://www.cubrc.org/index.php/data-science-and-information-fusion/ontology 
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domain ontologies. The Common Core is a suite of ontologies proposed as a high-level 

terminology resource to support the development of BFO conformant ontologies. It provides terms 

for dealing with data and information relating to various types of person, time, spatial position, 

and qualities of entities. This terminology advances a set of triple patterns that may be refined and 

extended to formulate new domain ontologies. This repetition of patterns allows more 

straightforward semantic reasoning and easier querying because data mapped to the ontology is 

treated in a consistent manner across domains and often uses shared super-properties. The 

Common Core’s contents are largely developed either by borrowing from existing OBO ontologies 

or by developing new ontologies but according to the same principles (Smith et al. 2007). Given 

their relatively abstract terminology, nesting the IFAMP ontology within BFO and the Common 

Core provides opportunities to interoperate with ontologies describing many domains.  

Other domain ontologies were also used to describe the knowledge domains covered by 

IFAMP. As the creation of a design repository to aid in design ideation is central to its envisioned 

use, IFAMP draws upon the Innovative Capabilities of Additive Manufacturing (ICAM) ontology 

(Hagedorn, Krishnamurty, and Grosse 2018), which implements ontology-linked knowledge bases 

focusing on innovative product design. The ICAM ontology provides content representing the 

manufacturing, value, and innovation domains in our new framework. ICAM includes suitably 

modified versions of the Manufacturing Service Description Language (MSDL) (Ameri and Dutta 

2006), the Semantic Additive Manufacturing Process Ontology (SAMPro) (Eddy et al. 2015), and 

the Functional Basis Ontology (FBO) (Fernandes et al. 2007). Taken together, these ontologies 

include an ontological model of the manufacturing domain, additive manufacturing processes, and 

of functional models.  

2.1.3 Development of a Human Factors Ontology 

In addition, a high-level human factors ontology was included in order to capture 

information about the users of a device and associated stakeholders such as clinicians, hospital 

regulators, and so forth. Though independently developed for this work, its core functionality is 

based on previous work using ontologies to link design and user information (Hagedorn, 

Krishnamurty, and Grosse 2016). As this prior work was developed without a top-level ontology 

however, it had to be re-developed using the BFO structure in order to be attachable to a broader 

ontological framework. This re-engineering process also served to expand the extent and quality 

of information about device users that could be captured. The human factors ontology aims to 
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define terms relating not only to stakeholders in a design process such as end users, but also their 

relevant capabilities, and their preferences towards some aspect of a design. While device users 

are the primary focus, regulators, and by extension regulations and standards were also included, 

as these are of particular importance in the medical domain (Figure 2). 

 

Figure 2. Information Domains Captured by the Human Factors Ontology  

2.1.3.1  Regulatory Terms 

The regulatory portion of the human factors ontology defines the classes needed to capture 

regulatory information. Various aspects of regulations and standards are treated as types of 

directive information entities or designative information content entities as defined in the 

Information Artifact Ontology (IAO) (Smith and Ceusters 2015) and Common Core. A similar 

treatment is given to standards that may have application in some given product domain. Each 

regulation has some scope of entities that it affects, which is defined via a has within scope object 

property. This property points from specific regulations to, for example, a specific class of medical 

devices indicated by a regulatory classification. A regulated device has classification some 

regulatory classification. A has consequence property in points from regulatory classes to design 

requirements that might result from being classified by some regulator (Figure 3).  



12 
 

 

Figure 3. Information model and axioms linking regulatory requirements to a design Using a 

property chain (bottom), one can infer that specifications for an artifact falling within the scope 

of a regulation will inherit certain consequences (requirements) from the regulation.    

The choice of representing various types identified by specific regulations deliberately 

aims to avoid over-committing the ontology to one specific viewpoint (for example that of the 

FDA regulator, or that of a specific hospital), and thereby limit IFAMP’s formality, modularity, 

and extensibility. It is also intended to keep the ontology consistent with BFO recommendations 

to avoid multiple inheritance wherever possible (Arp et al. 2015). As structured, the ontology only 

asserts that some entity (a regulation) uses some terminology and its associated definitions to 

classify some entity. The associated classifications need then be neither unique nor definitive. For 

example, regulators from different nations might maintain different classifications for a given type 

of medical device, each with different impacts on its design. At the same time, the link between 

actual devices, regulatory classes (a designation applied to devices), and regulations simply 

extends and makes more specific existing triple patterns established in the Common Core. 

Understanding the more general semantics thus allows rapid interpretation of the specific case of 

device regulations. 

Each regulation has consequences affecting anything – whether an object or a process – 

that falls within its prescribed scope. An entity that falls within the scope of the regulation must 

then bear certain consequences, typically in the form of additional requirements. These 

consequences will then affect both the classified thing and any specification that describes it. For 
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example, a design of a medical device, for a device that falls within the scope of a US medical 

device regulation, instances representing the requirements imposed by that regulation would be 

automatically linked via a part of relation from the Common Core (as in Figure 3). These in turn 

are about various processes, methods, and the like which must be considered in a design or a design 

process. 

Specific regulatory classes and instances were added to describe FDA regulations 

pertaining to medical devices. On top of this, the medical device terminology was enriched with 

additional information about risk and regulatory classes. To take account of the fact that any object 

can have an arbitrary number of regulatory classifications assigned to it, FDA risk classes and 

medical device classifications coming from any given medical classification system or ontology 

can coexist with one another within the IFAMP framework without introducing multiple 

inheritance issues. 

2.1.3.2 Stakeholder Ontologies 

The stakeholder portions of the Human Factors Ontology (HFO) capture information 

relating to the needs of users of devices or any other stakeholder, as well as the processes by which 

these needs are elicited. The User Capabilities Ontology (UCO) deals with both the mental and 

physical capabilities of device users and with the capabilities demanded to perform some device-

related process. These are then combined with the regulatory model to form an overall ontology 

for dealing with human factors components of a design. This combined model additionally 

captures the types of process involved when a user realizes one or other set of capabilities. A 

stakeholder figures in the ontology according to their role – as user, owner, customer, etc. – in 

relation to the product described in a design.  

The ontology thus takes account of the fact that (in the medical device domain) a person 

(or more likely a group of persons) is being directly considered in the design process. Their 

existence might be inferred when the realization of a design in the form of a product is then used 

in some process that the user performs. Inferences of this sort are supported by the ontology (Figure 

4). 
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Figure 4. User processes and their relation to a design Solid lines indicate asserted relations. 

Dotted lines indicate inferred relations. 

 Capabilities are treated as dispositions that are borne by continuants. For the purposes of 

the ontology, a capability is simply defined as a beneficial disposition of some continuant to 

successfully be able to participate in a process in some pre-specified way. This implies not just 

participation, but some quality of participation. Thus, the state of bearing capabilities enables 

successful participation in various processes.  

The human factors ontology extends characterization of capabilities to those relevant to the 

usability of a product. Within the context of a proposed design, users have some set of tasks 

(processes that they must participate in) that are required for them to successfully use the designed 

artifact in the manner the designer intends (Figure 5).  
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Figure 5. Information model describing user capabilities enabled by the ontology. 

 Capturing this information and the user’s related capabilities allows for potential comparisons 

between the user capability and the specified capability requirements. For example:  

Rule: swrlb:lessThan(?uv, ?sv), specifies(?creq, ?cap), ‘has disposition’(?entity, 

?cap), ‘has specified value’(?cap, ?uv), ‘has specified requirement’(?entity, 

?creq), ‘specifies minimum value’(?creq, ?sv) ---> ‘has problem’(?entity, ?creq)2 

The above rule simply compares a specified value of required performance and the actual 

performance within the scope of that specification and flags a mismatch as a problem.  

As the involved terms are defined under a more universal definition, this rule need not be 

limited to evaluating usability issues. For example, it might alternatively be used to evaluate 

disparities between the capabilities of a manufacturing system and those required by some design. 

More specialized data properties can be used to formulate various types of usability issues, such 

as ranges of acceptable capabilities. One might for example infer usability assessments from 

instantiated knowledge of capabilities of various user populations (Hagedorn, Krishnamurty, and 

Grosse 2016, 181-194). Since capabilities are defined identically across ontologies, an ontology 

                                                 
2 Simplified: If an entity has some requirement, and said requirement specifies some trait be at some level, then if  the 
actual level of the trait is less than the requirement in question is a problem for the entity. 
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reasoner can, using a very limited rule set, check virtually any capability of any type against 

requirement specifications related to the design. This includes also capabilities of machines, for 

example those used in additive manufacturing, where it will allow use of ontologies in assessing 

machine-level feature fabrication capabilities. In the newly defined human factors ontology, it 

allows the reasoner to assess the usability of manufactured devices. In the simplest case, the results 

of such assessment may take the form of a binary decision – as in the rule above. One could 

however implement population style assessments of the sort described in (Hagedorn, 

Krishnamurty, and Grosse 2016, 181-194).  

 Domain-specific rules relating to assessment of usability were added to the ontology as a 

separable ontology file. This allows the medically specialized aspects of IFAMP to be removed 

for application in other domains. A similar approach is used throughout IFAMP for the same 

reason. A set of 15 rules previously developed for medical device design (Ginsburg 2005, 213-

219) was instantiated in the human factors ontology to support design of medical devices with 

specific usability features. While the rules themselves cannot be assessed automatically, 

assessment can be performed by a designer, and violations populated within the ontology. Once 

populated, usability rules use the same information model as other types of rule that might be used 

to expand IFAMP, such as manufacturing rules.  

 

2.1.4 Introduction of Medical Terminology 

2.1.4.1 Selection of a Clinical Information Model 

Terminology reflecting medical devices and environments were included to specialize the 

implementation of IFAMP presented in this paper for the development of medical tools. While a 

previous effort at using ontologies to support medical device innovation (Hagedorn, Grosse, and 

Krishnamurty 2015, 218-230) used the Systemized Nomenclature of Medicine Clinical 

Terminology (SNOMED CT) (Stearns et al. 2001, 662), this terminology was deemed potentially 

non-ideal for this work. SNOMED CT is not a BFO conformant ontology, and indeed has 

significant issues with regard to its included layer of upper level terms. Moreover, its size and high 

degree of specialization mean that it cannot be easily re-aligned without significant time, effort, 

and input from medical domain experts (Bona, Ceusters 2018) Schulz and Martínez-Costa 2015). 

Given this challenge a review of ontologies in the NCBO’s Bioportal (Noy et al. 2009) ontology 

repository, as well as of the OBO Foundry (Edison et al. 2017; Smith et al. 2007) ontologies, was 



17 
 

conducted to identify possible candidates to replace SNOMED CT. In order for a replacement to 

be considered, it needed to be BFO conformant, judged easily modifiable to become BFO 

conformant, or offer significant benefits over SNOMED CT that would justify its replacement. 

Based on this review however, no other clinical information model having sufficient scope for this 

application conforms to BFO. Thus, no other information model offered any comparative 

advantage for implementation of a clinical module.  

Given the noted formality issues, only classes from SNOMED CT were included in this 

work, as SNOMED’s broader information model was deemed largely incompatible with BFO. We 

note that a recent decision was made to include the Foundational Model Anatomy terms, which 

are BFO compatible, into SNOMED (Rosse and Mejino 2008). For the moment, however, 

SNOMED CT content incorporated into IFAMP is restricted to representations of types of things, 

and loses much of the embedded knowledge concerning relations between these types. Though not 

ideal, preserving the formality of the larger IFAMP framework was deemed more important than 

capturing this knowledge.  

2.1.4.2 Refactoring SNOMED CT  

Four modules (Figure 6) were created from SNOMED CT’s class structure using the 

Refactor tool in Protégé 5.2 (Musen et al. 1995). These included terms describing surgical tools, 

procedures (specifically surgical actions, which are classified as qualifier values in SNOMED CT), 

a limited anatomical terminology, and terms relating to clinical roles and environments.  

 

Figure 6. Clinical terminology modules used to define the clinical ontology modules in 

IFAMP  

 The tool, procedure, and anatomy modules perform similar functions in the proposed 

ontological framework. They allow the capture of contextual information about how clinical 

procedures are performed. When integrated into the larger framework this helps to describe a 

detailed process for how some new product might be used relative to an existing process. The 
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anatomical terminology is included to help in capturing the anatomical context of a given surgical 

procedure and also offers an ability to express some aspects of user capability in greater detail via 

interactions with the human factors module of the framework.  

The roles and environments modules detail clinically significant aspects of context, such 

as the types of features an environment – for instance a surgical ward, or a physical exercise room 

– might have, or the types of individual who might be responsible for various tasks. For example, 

a designer might be concerned with restrictions present in the environment such as sterile fields, 

types of resources that might interface with the design, or the types of training people using the 

designed artifact might be expected to have. Capturing this type of information might allow for 

better understanding of unspoken stakeholder requirements that emerge in given medical contexts. 

Within an application these can be refined to allow automated inferences about the design.  For 

example, an application-specific ontology might assert that an object in the sterile field should be 

sterile. In this more specific application ontology, one can simply define a class that includes all 

objects residing or planned to reside within the sterile environment. An additional axiom can assert 

a link to some instance of a requirement specifying certain conditions for sterilizability, packaging, 

etc. Similar extensions can for example assert requirements for training of various groups, or types 

of labeling to be used throughout the ontology. While these types of requirements are clearly over-

specific for a general medical design framework, in a modular suite of the sort described here their 

inclusion requires only extension to a more specific set of concerns. Similar approaches can be 

used to construct application-specific links between domains of any sort where this is found useful. 

SNOMED CT’s terminology relating to surgical tools presents problems from an ontology-

engineering perspective. SNOMED CT is a large terminology, which classifies various types of 

surgical tools. However, these classifications are in some places arbitrary, and many classes have 

multiple parents. They also represent a potentially large ontological commitment as to how various 

artifacts are to be classified. This means that relevant portions of SNOMED CT cannot simply be 

imported into IFAMP. Instead, SNOMED CT terms were treated as classifications in a way similar 

to the approach adopted in the regulation aspect of the framework described above. As a result, it 

was possible to expand IFAMP’s scope to medical devices without the burden of independently 

developing a medical device ontology. 
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2.1.5 Integrating Medical Terminology  

Other medical terminology content was incorporated into the more general IFAMP 

framework using several methods. First, the nesting of the BFO and Common Core class 

hierarchies and information model means that the medical terms first inherit definitions and axioms 

from their super-classes and may be modified by existing property relations defined in the 

Common Core Extended Relations Ontology. The clinical terminology was enhanced with 

additional axioms to provide useful contextual information. First, the existing has part and part of 

relations are used to construct compound terms represent different sorts of surgical procedures 

using as starting point ‘surgical action (qualifier value)’ classes refactored from SNOMED CT. 

This provides a greater degree of granularity than is typically encountered in SNOMED CT 

process classes. Other relations were used to define what tools are used during a given procedure, 

the roles of various process participants (surgeons, technicians, patients, and so forth), and to 

capture the environmental context of the surgery.  

The second integration approach uses functional information to add additional knowledge 

about various surgical tool and procedures. Since BFO characterizes functions as dispositions that 

are realized in processes, much of this information was linked directly to surgical procedure classes 

without an explicit functional model. Instead, the axioms of the process module were expanded 

with assertions describing the types of function that given processes realize (Figure 7). Information 

about flows from the Functional Basis Ontology was added in the same way. 

 

Figure 7. SNOMED CT class definition of ‘Dissection’ expanded with functional information 

 A similar approach was used to assert axioms about the medical device classes refactored 

from SNOMED CT and was similarly applied to regulatory classes. Since the medical device 

classes are treated as classifications in IFAMP, they are used to classify devices that have some 

function, again indicated using the functional basis. Thus, a scalpel class from SNOMED CT might 
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be asserted to be the classification of  an object that has function some ‘severing function’. This 

same logic can be used to indicate virtually any property of a medical device that is permitted to 

be borne by an object in BFO. Subsequent integration of the medical environment, role, and 

anatomical terminology modules was then used to support the development of a BFO conformant 

ontology for human factors design. 

2.1.6 Integrating the Ontologies. 

Co-development of the ontologies using BFO as an upper model, along with careful 

replication of IRIs where terms are shared between ontologies, means that the integration process 

was largely a matter of simply importing the ontologies into the framework and allowing them to 

interact with one another. The order of imports is not important because ontology development 

software can automatically manage dependences between ontologies. The highly integrated nature 

of the ontologies ultimately yields the expressive capabilities required by IFAMP. 

Where desired, cross-domain reasoning was enabled by importing either single terms or 

whole ontologies from the relevant domains of interest. However, to enable rapid reasoning, the 

knowledge bases, rules, and application specialized classes were maintained separately from the 

completed IFAMP framework. During use, these can be selectively imported along with the 

relevant terminology from IFAMP to the support these reasoning elements. Thus, while 

dependencies must be included, not all modules in IFAMP are necessary to access portions of its 

functionality. This selective approach allows classification and automated inferences about the 

ontology without the burden of considering potentially unrelated terms, or portions of the 

framework that are not of interest for an application.  

The underlying principle used throughout the development is an independent expansion of 

expressiveness with extension of the ontology, rather than a re-engineering of dependencies to 

work with each new domain. This dramatically decreases the effort to ontology development, 

promotes interoperability, and allows a limited set of patterns to be applied across domains. On 

their own the top and mid-level ontologies might be used to express very general versions of the 

information captured in the unified framework. Each domain ontology gives more context to these 

relations through Is-A type relations between instances and domain classes, or more specific 

versions of properties as in Figure 8. 
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Figure 8. Example of top and mid-level (black and white) expanded with domain modules and 

used to interconnect domains 

In this example, the top and mid-level ontologies provide sufficient terms to say that a 

person participates in a process, that some object is also involved in that process, and that certain 

information might be about the object. By adding the stakeholder domain terms, it becomes 

possible to say the person has the role of a user, and that this person performs the surgical process. 

The stakeholder domain might also indicate that the person performs this task of interest using a 

tool. Using the medical terminology, one can more specifically say that the user is a surgeon, the 

task is a specific type of surgery, and the tool is a specific type of surgical tool. The manufacturing 

and enterprise modules permit exploration of certain features or traits of the tool that are of value 

to the surgeon, and potentially how those relate to the way the tool was fabricated. The engineering 

design module provides the ability to more precisely express relations between design 

specifications, the product being designed, and its use context. With the addition of each domain 

it becomes possible to express the same high-level information in more specific ways.  
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2.1.7 Ontology Structure and Domain Relations.  

The overall dependency structure of the ontology is show in Figure 9 below and is 

discussed in more detail for the remainder of section 2.1. While non-dependent ontologies either 

do not or only minimally make reference to one another, the shared top and mid-level dependencies 

of IFAMP allow expressions of common relation types such as participation, aboutness, parthood, 

and input-output relations. In many instances these mid-level relations can be used to formulate 

axioms and to construct queries to IFAMP’s knowledge base. In the case of domain specific 

relations, domain and range restrictions are formulated such that they refer to the least restrictive 

class. For example, a relation between the user of a tool and the tool itself might have its range 

restricted to a material entity, rather than some term specific to the human factors domain. Similar 

principles are used to develop class definitions, rules, and other axioms that add greater reasoning 

capability to the ontology.  

 

Figure 9. Dependency structure of IFAMP, with each arrow indicating inheritance of some terms 

from the originating ontology 

2.2 The Design with Additive Manufacturing Method  

On the basis of the above we propose a novel Design with Additive Manufacturing 

(DWAM) method that aims to  utilize the domain and general product knowledge captured in 

IFAMP (Figure 10). It was hypothesized that the multi-domain approach used in the ontology 

development would allow detailed knowledge capture and reasoning across domains, most notably 

in the form of querying. As envisioned, these queries could help to locate useful design information 
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that is not directly associated with a given application. This information might then be used to aid 

in design ideation and issue resolution.   

The proposed method aims to integrate domain and additive manufacturing knowledge into 

the design process, from product conception through design revision and process planning. As 

envisioned, the knowledge captured in and accessed through IFAMP is used to inform all aspects 

of the design, to identify possible valuable uses of AM, and to facilitate design ideation, 

refinement, and selection. Thus, the ontological representation of the design helps facilitate its 

realization in a finished product. The DQAM method uses a four-phase cycle of need or problem 

identification, generation of concepts and solutions, design selection, and verification though 

manufacturing and usability assessment. Each of these is supported by both automated reasoning 

and queries to IFAMP. If problems or needs are identified, the domain and AM product knowledge 

base are used to locate either designs that solve similar problems or domain resources that might 

be utilized to attain some desired function or goal. These are used to inspire design solutions. The 

resulting solutions are then evaluated using against the stakeholder’s preferences in order to select 

the “best” option. The cycle then repeats until no issues remain and a final design and 

manufacturing plan are reached. While DWAM is focused on using additive manufacturing, this 

approach might be extended to conventional manufacturing methods also.  



24 
 

 

Figure 10. Workflow of the DWAM Method. Gear colors represent knowledge domains depicted 

in Figure 1 and repeated in the center block. Green indicates market knowledge, blue stakeholder 

knowledge, yellow manufacturing knowledge, and red domain specific knowledge 

  The work considered in this manuscript focuses on issues of usability. However, when 

coupled with the proper knowledge bases and tools, the design checking process envisioned in 

DWAM might also use automated reasoning to assess manufacturability or to further refine the 

design (Hagedorn 2018). 

2.3 Case Study 

The utility of the medical device IFAMP framework was assessed using an ongoing 

undergraduate student design project aimed at introducing a novel new surgical guide for use in 

total knee replacement surgeries. These require the surfaces of distal femur and proximal tibia to 

be precisely resurfaced so as to accept and correctly align a joint prosthesis. The student’s work 

focused on market analysis, customer engagement, and concept ideation relating to surgical cutting 
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guides. Information gathered in this research process was represented in the IFAMP ontology 

using the medical domain and human factors modules. IFAMP was further instantiated to support 

the student’s work by adding instances to represent competing devices. The student’s design work 

proceeded in two parts: an initial unaided portion, where they brainstormed and vetted concepts 

unassisted, and a second portion where they were provided  summaries of devices obtained from 

queries to IFAMP’s knowledge base (as described in 2.2).  

3 Results  

3.1 Ontology Development Results 

IFAMP was successfully constructed from the base ontology modules by importing them 

into a single ontology file and asserting cross-domain axioms as necessary. Disregarding the 

knowledge bases, the core framework consists of 2535 classes, 266 properties, and 3915 logical 

axioms. The AM knowledge bases obtained from ICAM contain 26 products and 15 generic 

features. Included rules comprised rule sets for five manufacturing processes and 15 heuristic 

usability rules [53]. Over 150 terms from SNOMED CT including over 60 biomedical device terms 

were enriched with additional information from other parts domains included in IFAMP. The core 

ontological framework, sub-modules created to support the case study, and  knowledge base were 

classified using the Pellet Reasoner (Parsia and Sirin 2004) with no inconsistencies.  

3.2 Case Study Results 

3.2.1 Capture of Total Knee Surgery 

The initial evaluation of IFAMP was based on the case study outlined in 2.3. The evaluation 

focused on capturing a model of the total knee surgery completed using competing products. A 

similar instantiation process was used to represent the student’s proposed designs.  

SNOMED CT term for total knee replacement was used during instantiation of the surgical 

details in the ontology. Surgical sub-steps were incorporated using the surgical procedure 

terminology component and linked together using ‘has part’ and ‘part of’ relations to create a 

hierarchical representation of the surgical steps. These are then inferred to be part of the knee 

replacement operation. The tools used during each step are linked to the main surgical instance 

(Figure 11).  
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Figure 11. Representation of total knee replacement surgery instantiation. Dotted lines indicate 

inferred relations 

 Several other aspects of the surgery can be inferred because surgical terms are linked to 

the enriched clinical terminology. For example, an instance of some subprocess of the surgery 

belonging to the ‘Surgical removal – action (qualifier value)’ class from SNOMED CT’s is 

inferred to realize a ‘removing function’. A second axiom reflects the fact that the procedure is 

performed using an artifact classified as a ‘Surgical saw, device (physical object)’, from SNOMED 

CT. The surgical saw classification is similarly enriched with additional axioms reflecting the 

classified object’s ‘severing function.’ A third instance, this time a directive information entity, 

specifies that the subprocess occurs in a hospital environment. These relations are inherited by the 

specific instance of the ‘surgical removal – action (qualifier value)’ class once the reasoner is 

synchronized.  

The business and human factors modules were used to represent the surgery from a 

designer perspective. The student found that existing products aimed to improve or ensure the 

coronal alignment of the knee, reduce the amount of work required, shorten the surgery, and reduce 

tool use. These potential value contributions were instantiated as opportunities for new products. 

For example, the surgery realizes some invasiveness that negatively affects someone having the 

role of the patient during the surgery. Reducing this invasiveness would provide value to this 

individual (Figure 12).  
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 Figure 12. Information model depicting ontology representation of the opportunities for new 

products targeting total knee replacements 

These observations were used to formulate queries to identify possible avenues for new 

products. They were also used to annotate competitor devices. In both cases the value of competitor 

devices or students proposed products  were instantiated as opportunities. These can serve as the 

basis for queries to the product knowledge base to identify past methods of pursuing similar 

opportunities. Thus, the knowledge base grows with each design case. One might also use the 

representation of the surgery to query for other similar surgical procedures.  

3.2.2 Capture of Stakeholder Information 

The student’s stakeholder engagement findings were captured in IFAMP using a 

combination of its design and medical terminology. The design terminology was used to create 

specifications or requirements, metrics, and the numerical data included in the ontology. These 

exist as information entities within the Common Core Ontologies, which in turn characterize or 

are about other entities. The inclusion of regulatory considerations helped capture information 

beyond the student’s initial product research. In capturing the design specification for the student’s 

work, it was asserted to be a specification for some object that was classified as an orthopedic 

cutting template in the FDA classification database. The object was also noted as having a 
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classification as a ‘Surgical template (physical object)’ in SNOMED CT. The regulatory 

classification information links the related requirements and standards to the design and design 

specification (Figure 13). 

 

Figure 13. (A) Tbox statements assigning classifications to the design specification (B) Query 

showing functional information inferred about product from SNOMED CT classification (C) 

Requirements information inferred from regulatory information 

 The initial classification used regulatory terminology to link the design to a specific 

regulatory document, which in turn references standards. Like the surgery capture, the SNOMED 

CT classification lead the reasoner to infer functional information, this time using regulation and 

standards models as shown in Figures 3 and 5. In addition to parsing regulatory information, the 

reasoner also inferred that the student’s cutting guide was being designed for a guiding function 

based on a classification stemming from a SNOMED CT device class.  

3.2.3 Querying for Design Ideation 

The knowledge base of AM products created for ICAM and the newly added clinical 

domain information were queried to locate potentially related devices that might be used to inspire 



29 
 

a new design solution. Based on the students work, several avenues were considered. First, 

functional considerations led to queries for products guiding, aligning, or positioning tools, or 

those removing material. The opportunities captured while characterizing competitors also led to 

queries for products used in processes affecting traits such as invasiveness, accuracy, the quantity 

of tools used, or the duration of some process. These queries returned both classes of surgical tool 

or processes meeting these conditions as well as instances from the knowledge bases including 

those reflecting competing products. 

3.2.4 Student Design 

 The student researcher created five alternative proposals for knee surgery design over the 

course of two phases. In the first  they brainstormed design ideas without assistance  , and in the 

second they were provided  a summary of query results to IFAMP describing 12 broad types of 

tool or procedure. The student proposals from the unassisted portion of the design focused on 

adjustments to the procedure aimed at alleviating inconveniences or complexities associated with 

similar orthopedic devices. The second phase combined features of multiple devices returned by 

the queries to significantly modify both the process and tooling used to complete the operation. 

Based on the preference models created from the student’s interaction with stakeholders and 

captured in IFAMP, the student selected one of two variations on this idea for use in a case study 

with DWAM. Implementation of DWAM 

A human factors review was conducted independent of the ontology, and a 

manufacturability review was conducted aided by the ontology and a set of rules defining 

manufacturable features for multiple additive manufacturing processes. These follow the form of 

the rule in section 2.1.3.2 to compare specified feature sizes and dimensions to the limits of various 

processes. These automated checks flagged several major issues with the student’s design. The 

first is comparatively minor: the guide specified in the design could not be secured prior to 

fastening with surgical pins. The AM knowledge base was queried to identify instances where 

some AM feature or product was used to reversibly fix objects in place.. The query returned five 

instances from the knowledge base (Figure 14). One of these was a surgical clip that used 

Polyjetting to include a flexible hinge in a single part. . Combined the initial guide design, this 

might allow the device to snap over the bone. A second returned by the queries was a snap fitting 

hook. With AM this could be printed directly into the guide and used to tighten the guide around 

the knee.  
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Figure 14. Query results for usability problem fix ideation. 

 The second issue was control of the tool path, which was deemed insufficient in the 

original guide. In this case the knowledge base was queried to identify AM products and features 

that had been used to control motion. This query returned three instances, but two were deemed 

irrelevant as they dealt with guiding the motion of cable elements. The third was a track and ball 

feature, which Bin Maidin et al. (Bin Maidin, Campbell, and Pei 2012) noted can be printed in 

fully encapsulated form using AM. The encapsulation was deemed not useful, but the creation of 

tracks was considered useful.  

The fixation options were evaluated using the preference model derived from the student’s 

stakeholder engagement, with the snap fit ultimately selected. The track option was taken since no 

other alternatives were identified. The guide was redesigned based on these decisions, and in 

subsequent review found to be acceptable from a usability standpoint.  

4 Discussion 

The ability to construct IFAMP and, by extension, to execute the DWAM method was 

entirely dependent on the use of a TLO and careful development principles. Both serve as an 

instructive demonstration of the advantages of TLOs and the adoption of shared ontology 

development principles. The development process was made relatively straightforward as BFO is 

itself very small, and thus makes little or no ontological commitment about anything specific to a 

domain. Where general terminology was needed, it was possible to draw on existing curated mid-

level ontologies such as the Common Core Ontologies. This, along with previous work 
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undertaking the realignment of engineering ontologies to a BFO in the form of ICAM, meant that 

this work could focus on extension of terminology and a knowledge base to new domains and 

enrichment of that knowledge.  

This base information repurposed from existing, published work and the adoption of a well-

defined top-level directly facilitated implementation of IFAMP. The inclusion of regulatory and 

stakeholder information was straightforward as the basic principles governing how different types 

of entity interact in BFO were already defined. Mid-level ontologies provided a wealth of terms 

and relations that could be drawn upon and expanded to integrate the user information with a 

broader design context. Since they followed existing information patterns this process was mostly 

restricted to defining a core set of human factors domain terms. Even in the case of an existing 

ontology with formality issues, the existence of published style guidelines helped drive ontology 

modeling choices towards ones that will not preclude future expansion to new domains. Even if 

the medical terminologies were inseparable from IFAMP, the treatment of medical terms is such 

that it need not interfere or overlap unnecessarily with ontologies developed for other domains. 

Once combined, this development process meant that each module was consistent with the greater 

whole, and may support subsequent ontology development efforts. 

Considering IFAMP in isolation, the underlying hypotheses driving the development of 

IFAMP and DWAM are all related to the value of linked information. It was hypothesized that the 

multi-domain approach would allow detailed knowledge capture and reasoning across domains. 

As seen in the surgical capture, this in fact allowed for a rich view of the surgical process, and 

from this perspective the ontology was able to capture possible avenues for new devices with 

potential added value. In a similar fashion, each competitor and design idea could be mapped to a 

base surgical process, and so the impact of each design on various stakeholders could be fully 

captured. DWAM was hypothesized to facilitate creative design ideation and problem solving. The 

ability to obtain relatively useful information via queries of the sort documented throughout this 

manuscript can be seen as verification that this is the case. The student case study offers some 

validation also to the information retrieval capabilities of the framework. As hypothesized, surgical 

methods, tools, and additively manufactured products unrelated to the student’s specific design 

problem were retrieved using general queries to the knowledge base, pointing to a potential 

educational application for multi-domain ontology initiatives of the sort described. The data 
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retrieved through these general queries were in turn relevant and sufficient enough to assist in 

design refinement and address design concerns raised during evaluations of the student’s design. 

The student case study points to the practical uses of an ontological approach to support 

design. Even with a relatively limited set of clinical knowledge, it was possible to express highly 

detailed descriptions of the clinical context of the knee surgery. This expression was itself helpful 

in identifying possible avenues for new devices to offer value. On the ideation side, the use of a 

knowledge base linked to functional, clinical, and value driven terms provided a diverse set of 

devices that might inspire new design solutions. The multi-domain knowledge in IFAMP also 

seems to be of note. Much of the student’s later designs focus on a change not just to the form of 

the device, but also to the tooling used. The ideation materials extracted from the ontology included 

substantially different tools than are used in many of the competing devices. The student noted 

that this type of information was among the most useful. Greater knowledge of the resources 

already available proved to be critical to the final design. Aided by domain specific knowledge 

about types of surgical tool and domain agnostic information about AM features, the student was 

able to develop a new device concept that differed significantly from their original efforts. This 

same knowledge was also successfully applied to solve specific design problems identified during 

further analysis of the design concept.  

Despite these promising findings, the case study does leave some avenues less explored. 

Manufacturability assessment and subsequent query-based resolution of issues would represent a 

major contribution to the underlying DWAM method. IFAMP and DWAM also do have notable 

limitations. As with any knowledge-based approach, the quality of knowledge that one can retrieve 

from the framework depends on what knowledge has already been captured. Formulation of these 

knowledge bases is difficult and time consuming. Accessing their contents requires a specialized 

skill set, along with extensive knowledge as to the structure of the ontology itself. Future work 

should investigate integration of the ontological portions of this work into existing engineering 

tools and workflows so that they might be made more usable.  

Despite these limitations, IFAMP and DWAM have several notable strengths. One aspect 

that was only touched upon in the case study is the reusability of information from one’s own past 

designs. Notably, the information captured in the ontology for this work might be used as the basis 

for future design processes. This means that future designs can reuse the insights from the redesign 

of the student cutting guide. Another strength of the approach is that it enables traceability. 
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Instance relations and other ontology constructs capture much of the rationale used to formulate 

the design, thus problems and solutions to problems can be traced throughout the design process. 

The effect of specific regulations or stakeholders is similarly transparent thanks to their inclusion 

in both IFAMP and DWAM. Overall, the results suggest the approach used in IFAMP and DWAM 

has significant potential to aid in medical device design. 

 

5  Conclusion 

The mission statement for this special issue notes a number of intellectual challenges and 

practical limitations standing in the way of useful industrial implementations for ontologies These 

barriers include: (i) lack of acceptance due to suspicion of ontologies arising from prior failures; 

(ii) the difficulty for non-experts of reasoning with semantic tools and logics, (iii) ontology 

development for engineering is seen as overly time-consuming, and finally (iv) problems of 

implementation arising from the lack of interoperability between ontology models and computer-

aided design systems. Successful industrial integration requires all four of these barriers to be 

addressed by researchers and developers in ontological engineering.  

The approach taken in this work addresses each of these concerns. The use of a TLO, shared 

mid-level, and modular domain ontologies developed along similar principles directly help 

overcome many of the failures of past work outlined both in section 1 of this manuscript and the 

above barriers. The IFAMP ontologies are interoperable with one another, and reusable alongside 

virtually any domain ontology conformant to BFO. Indeed, this work takes advantage of existing 

ontologies developed with similar principles, and demonstrates how even non-conformant domain 

ontologies such as SNOMED CT might be integrated on an as needed basis. The approachability 

of semantic reasoning for non-experts is addressed through the introduction of highly repeatable 

patterns for data representation. These begin in the TLO and mid-level and are extended and made 

more specific by the domain ontologies developed as part of IFAMP. Semantic inferences are thus 

more predictable. Very general rules, such as the one used to find design problems in this work, 

may be used to evaluate similar logic across domains, reducing the need for domain specific 

development of rules.Non-expert users must still invest effort to understand how entities are 

linked, but this effort may translate to an entire suite of ontological tools rather than a single, 

narrowly defined application ontology.  
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A major area of focus of this work is to reduce of the effort required for ontology 

development. This is accomplished through modularity, orthogonality, and reusability. While this 

work focused on medical applications, those aspects are easily separable from the greater whole. 

Future ontological development need not redefine the terminology specific to IFAMP’s domains, 

or address more general terms like “capability” that are important across domains. Just as prior 

ontologies sped the development of IFAMP, so too can IFAMP speed the development of new 

engineering ontologies. The methods and viewpoint used in this work are also consistent with 

ongoing ontology development efforts and research into ontology facilitated tool integration and 

creation of ontology-based engineering tools (Bone et al. 2018).  

While not addressed directly in this work, integration with existing computer aided design 

systems ultimately relies upon a suitably expressive ontological backbone and consistently 

applicable data representations around which one can construct suitable semantic web 

technologies. These are both demonstrated in this work, as are some examples of how design tools 

and ontology-backed data repositories might be used synergistically for design checking and 

ideation. Nonetheless, this is an area that requires significant research and development effort.  

Future work needs to investigate the methodology and architecture required for closer integration 

between ontologies and engineering software tools as well as. It must also focus on  possible 

avenues by which ontologies may be used to enhance engineering design aides. 
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