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 A B S T R A C T

Circular manufacturing systems require functional evaluation of used components based on their physical 
state. Existing approaches describe this state from separate perspectives, such as design, manufacturing, and 
degradation, resulting in fragmented and incompatible representations. As a consequence, the physical state 
cannot be reliably linked to the functional behavior of the corresponding subsystem, which is a prerequisite 
for informed R-strategy decisions. This paper introduces the Unified Embodiment Description (UED), a state-
dependent representation of mechanical components structured into two coupled layers. The first layer is a 
unified characteristic space, which adapts and extends as new lifecycle effects emerge. The second layer consists 
of functionally derived tolerance regions that link these embodiment characteristics to the functional behavior 
of the surrounding subsystem. A supporting UED method guides the systematic development of both layers. 
The UED is demonstrated in a case study on the spindle shaft of an angle grinder, in which manufacturing 
variations and degradation patterns such as polishing wear and scratches are quantified. These embodiment 
changes are embedded into the unified characteristic space and translated into functionally derived tolerance 
regions through experimental testing of the spindle-bearing subsystem. The results show that embodiment 
changes induced over the lifecycle can be consistently integrated within the unified characteristic space 
and that the relations between embodiment and functional behavior can be quantified to support R-strategy 
decisions. Overall, the UED provides a foundation for a state-dependent embodiment description and supports 
decision-making based on the functional evaluation of used components in circular manufacturing systems.
1. Introduction

Sustainability has become a central objective in production and 
product development, with the circular economy emerging as a key 
concept to decouple economic growth from resource consumption. 
Within this context, various R-strategies such as repairing, remanufac-
turing, and recycling enable different pathways for extending product 
lifecycles or recovering materials. However, these strategies involve 
an inherent trade-off between retaining the value embodied in used 
products, such as repair or remanufacturing, and enabling innovation 
through future product development  [1,2].

To reconcile this trade-off, the concept of the circular factory has 
been proposed as a circular manufacturing system that combines value 
retention with product innovation through the reuse of components 
and subsystems in new product generations [3]. In the circular factory, 
reused products are no longer evaluated solely against their original 
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specifications but must satisfy evolving functional requirements. This 
shifts the perspective on the trade-off between value retention and 
innovation toward the question of whether the available component 
remains capable of fulfilling the required functional behavior under 
changing conditions [4].

Existing approaches for evaluating R-strategies commonly rely on 
criteria such as cost, time, resource consumption, or emissions [5,6]. 
While these criteria are essential for economic and environmental sus-
tainability, the system performance is typically only indirectly captured 
via indicators such as quality or feasibility [7]. However, ensuring that 
circular products fulfill functional requirements necessitates an explicit 
evaluation of functional behavior. The required functional behavior can 
be specified as part of requirements engineering, for example through 
the formalization using SysML [8]. The realized functional behavior, 
in turn, is not directly specified but emerges from the embodiment 
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of a technical system and its interaction with the environment, such 
as contact conditions or applied loads [9]. This embodiment com-
prises the geometry and material of the components [10] and can be 
described through characteristics that capture these properties in a 
structured manner [11]. Both perspectives on behavior are reflected 
in the Function-Behavior-Structure (FBS) framework [12], which dis-
tinguishes expected behavior and behavior derived from structure. 
Consequently, decision-making in the circular factory relies on bridging 
the two by linking the embodiment of a specific component to the 
corresponding functional behavior it achieves.

The decision-making can be illustrated by a used product returning 
to a circular manufacturing system. There, it passes through the suc-
cessive stages of disassembly, inspection, reprocessing, and reassembly. 
At each stage, decisions must be made based on the embodiment 
state of the individual product instance. A component can be reused 
directly, reprocessed before reuse, or recycled if it can no longer be 
technically recovered. As a representative example, consider an angle 
grinder as a mass-produced power tool with high functional integra-
tion. Its bevel-gear stage consisting of gears, shafts, and bearings is 
to be transferred from the returned product into the current product 
generation. Thereby, two changes occur simultaneously. The functional 
requirements have evolved, for example toward reduced vibration 
levels and higher power output. At the same time, the embodiment 
of the components has deviated from its nominal state. This deviation 
remains within specified tolerances due to manufacturing or exceeds 
them due to subsequent degradation. Assessing the embodiment state 
and its impact on functional behavior then leads to a decision for each 
component. The gears may be recycled and replaced by the design of 
the current generation to meet the increased requirements, while the 
shafts are reprocessed to restore their surface quality and the bearings 
are reused directly as they show no relevant degradation.

This example demonstrates that, in contrast to conventional design 
scenarios, the embodiment of reused components does not correspond 
to a well-defined state. Instead, it results from the superposition of 
multiple influences converging in the circular factory: (1) Degradation 
mechanisms accumulated during prior use alter the embodiment of in-
coming components instance-specifically. They can shift characteristics 
beyond their specified tolerance limits and introduce additional char-
acteristics that are not part of the nominal design. (2) Manufacturing 
processes in linear production and reprocessing cause other deviations 
from the intended embodiment. They act on existing characteristics 
and, given sufficient process capability, remain within their specified 
tolerances. (3) Intentional design changes in product development 
additionally modify the nominal embodiment to adapt to new require-
ments. Such intentional changes concern the design of the new product 
generation as well as adaptations of components from previous gener-
ations to enable their transfer. These influences interact in potentially 
conflicting ways, so that evaluating functional behavior requires a con-
sistent description of heterogeneous and evolving embodiment states. 
Current approaches in engineering design, manufacturing, and degra-
dation analysis address this challenge only in a fragmented manner, 
as they describe embodiment states from domain-specific perspectives. 
Design methods focus on the nominal embodiment state [10], toler-
ance analysis and uncertainty-based design on manufacturing-induced 
deviations [13,14], and condition monitoring on the temporal evolu-
tion of functional behavior caused by degradation [15]. Across these 
perspectives, embodiment is described either as an idealized design 
state, as a deviation from nominal specifications, or indirectly through 
behavior metrics, but not as the superimposed state of an individual 
used component.

As a consequence, the selection of R-strategies at the instance-
specific component level lacks a systematic basis for decision-making 
in circular manufacturing systems. The central problem is that em-
bodiment states, which may extend beyond specified manufacturing 
tolerances and involve characteristics not part of the nominal design, 
cannot be consistently compared across instances, product generations, 
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and manufacturers with respect to their impact on functional behavior. 
This leads to the following research question: How can the superimposed 
embodiment of a component be described in a way that enables systematic 
quantification of its impact on functional behavior for decision-making in 
circular manufacturing systems?

To address the research question, this paper introduces the Unified 
Embodiment Description (UED) as a state-dependent representation of 
mechanical components based on the superposition of functionally rele-
vant embodiment characteristics. Structured into two coupled layers, it 
combines a unified characteristic space that captures lifecycle-induced 
embodiment changes with functionally derived tolerance regions that 
link these characteristics to the functional behavior of the correspond-
ing subsystem. The UED is developed by first deriving the requirements 
that such a description must fulfill from the role of functional behav-
ior in the decision-making process and from the analysis of various 
used products from the power tool domain, then reviewing existing 
approaches against these requirements, and synthesizing their relevant 
aspects, complemented where necessary, into the proposed representa-
tion. The case study serves to demonstrate the application of the UED 
and to derive first insights about the representation and its supporting 
method.

The main contributions of this paper are as follows:

1. A UED for representing lifecycle-induced state changes of me-
chanical components and supporting decision-making in circu-
lar manufacturing systems through comparison of achievable 
functional behavior with corresponding requirements.

2. A supporting UED method that guides the systematic develop-
ment by identifying and evaluating functionally relevant embod-
iment characteristics arising from design intent, manufacturing-
induced deviations, and degradation effects.

3. An experimental case study on the spindle shaft of an angle 
grinder demonstrating the construction of the two UED layers 
under real-world conditions.

The remainder of this paper is structured as follows. Section 2 reviews 
existing approaches for describing embodiment and its relation to 
functional behavior. Section 3 presents the conceptual basis of the 
UED and the procedure of its supporting method. Section 4 reports 
the results from the experimental case study on the spindle shaft. 
Section 5 discusses the concept of the UED and its implications for 
circular manufacturing systems, while Section 6 concludes the paper 
and outlines directions for future research.

2. Related work

This section derives the requirements that a description of embod-
iment and its relation to functional behavior must fulfill to support 
decisions in circular manufacturing systems, and reviews existing ap-
proaches against them. Evaluating whether a used component can be 
reused, reprocessed, or recycled requires linking its physical state to the 
functional behavior of the corresponding subsystem. From this decision 
situation and the observed embodiment states described above, several 
requirements follow. The description must capture deviations from the 
nominal state and refer to the individual returned instance rather than 
a component type. Since degradation can introduce characteristics that 
are not part of the nominal design, the set of characteristics must be 
adaptive rather than fixed. The described embodiment must be related 
to functional behavior, and this relation must be quantified rather than 
remain qualitative. Where reuse decisions depend on tolerances, an 
admissible region within the characteristic space is required, and the 
underlying information must be available across the lifecycle. These 
requirements guide the following review and serve as the criteria 
for the comparison in Table  1. The review is structured along three 
perspectives of embodiment influences, namely design-oriented repre-
sentations of nominal embodiment, manufacturing-related approaches 
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addressing stochastic variations, and degradation-focused methods cap-
turing time-dependent changes in condition. Approaches for manag-
ing and integrating product information over the lifecycle are con-
sidered within these perspectives, as they provide the required data 
infrastructure for decision-making.

2.1. Description of embodiment

In engineering design, embodiment constitutes the tangible re-
alization of design decisions and provides the basis from which a 
component’s functional behavior emerges. A widely used approach to 
describe the nominal embodiment is through characteristics, which 
capture geometric and material properties in a structured manner [11]. 
The description using such characteristics is guided by established 
standards and norms, such as the Geometrical Product Specifications 
(GPS) [16]. These specifications define nominal values and tolerance 
ranges for dimensions, form, and positional relationships in technical 
drawings, and allow the nominal embodiment to be fully represented 
in digital computer-aided design environments. The tolerance ranges 
bound the admissible deviation from the nominal values, but they do 
not represent the actual deviation of an individual manufactured or 
degraded component. These descriptions are therefore limited to the 
ideal component state and insufficient for evaluating embodiment in 
scenarios involving deviations caused by manufacturing or degradation, 
as encountered in circular manufacturing systems.

In industrial practice, manufacturing-induced variations are ad-
dressed through quality management and tolerance analysis. For linear 
manufacturing, product quality is typically ensured through structured 
quality assurance processes, in which components are verified against 
defined specifications either by sampling or 100% inspection [17]. 
These methods operate as verification procedures against nominal spec-
ifications and do not provide a detailed representation of the actual 
as-manufactured geometry. To address this, tolerancing research pro-
vides approaches for representing and analyzing geometric variations 
beyond nominal specifications. Within tolerancing, the GeoSpelling 
framework is of particular interest, as it builds directly on the GPS 
concept by incorporating so called skin models [18]. Skin models 
represent the real physical surface of a component, including both 
ideal and non-ideal geometric features resulting from manufacturing 
processes. By admitting such non-ideal features, the description is not 
restricted to the nominal characteristics but can be extended with 
additional descriptors of the observed geometry. On this basis, devia-
tions of geometric embodiment characteristics can be derived and used 
for tolerance analysis, virtual assembly, and evaluation of geometric 
variability [19]. In addition, real components, including degradation 
effects, have been characterized [20]. While a skin model can represent 
the surface of an individual component, it is typically populated from 
variation observed across a set of manufactured instances, so that the 
individual instance is captured only partially. Tolerancing approaches 
such as GeoSpelling furthermore do not account for the dynamic evo-
lution of embodiment including the adaptation of characteristics over 
the product lifecycle.

In circular manufacturing systems, degradation is a key source 
of embodiment variability that cannot be captured by fixed inspec-
tion assumptions, but requires adaptive evaluation strategies [21]. To 
evaluate the condition of returned components, vision-based sensor 
systems combined with image processing techniques have been widely 
adopted [22]. These approaches enable detection and classification of 
surface defects such as fatigue, wear, and cracks [23,24], as well as 
quantitative characterization from 2D and 3D measurement data as 
a basis for data-driven reprocessing decisions [25]. Recent advances 
in machine learning further enable the automated extraction of quan-
titative defect descriptors directly from image data, which operate 
on localized image information and generate geometric descriptors of 
affected embodiment regions. For example, Wu et al. [26] demonstrate 
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the automated measurement of scratch length using segmentation-
based methods. Van Maele et al. [27] describe local pitting damage 
on helical gears using geometric features such as position, size, and 
shape, while Zou et al. [28] investigate fretting wear-fatigue in press-
fitted axles, quantifying degradation through characteristics such as 
wear depth, length, and orientation. Still, most methods focus on defect 
detection or classification rather than a holistic geometric description 
of the affected component. Even when quantitative descriptors are 
available, they are typically case-specific and treated as a set of local 
discrete observations rather than a continuous modification of the 
global embodiment.

Independent of the perspective, the resulting embodiment is rep-
resented and managed in digital formats and systems. Standards such 
as STEP [29] provide a neutral representation of product geometry, 
while the acquisition of used components through 3D scanning yields 
discretized representations such as point clouds or triangulated surface 
meshes. Product data management and product lifecycle management 
systems organize these representations across the lifecycle including 
end-of-life stages [30,31]. Both materialize or administer the real geom-
etry of an individual component in full detail, but establishing a set of 
embodiment characteristics that can be related to functional behavior 
and R-strategies requires an interpretation of the acquired embodiment.

2.2. Relation between embodiment and functional behavior

The described embodiment becomes relevant for decision-making 
only when it is related to a corresponding functional behavior. This 
relation between embodiment and functional behavior has been ad-
dressed at different levels of abstraction in engineering design. Con-
ceptual frameworks such as the FBS framework [12] distinguish func-
tion, behavior, and structure as core elements of product design. Rele-
vant extensions of this framework incorporate lifecycle-related aspects, 
such as manufacturability [32] or Design for Upgrade and Remanufac-
turing guidelines [33]. A related but distinct line of work introduces the 
function-behavior-state modeler, which makes the physical condition of 
a system explicit by defining a state as a set of attributes and behavior 
as the sequence of state transitions caused by physical phenomena 
[34]. Again, this conceptual framework has been applied to lifecycle-
oriented design tasks such as upgradability [35]. The state modeling 
acknowledges that the set of attributes describing an entity is not 
necessarily fixed, as the structure of a system may change over its 
lifetime. However, structures and states are represented qualitatively 
for reasoning in conceptual design and are not quantified for a spe-
cific physical component, which the authors themselves identify as a 
limitation for industrial relevance.

More detailed approaches analyze functional behavior through
parameter-based models, which relate systematically varied design 
parameters to the resulting behavior [36]. Design of Experiments (DoE) 
provides a systematic variation of these parameters and supports the 
identification of significant factors and their interactions [37]. The 
resulting functional behavior is evaluated by testing [38], either in sim-
ulation studies relying on physics-based models such as finite element 
analysis [39] or in experimental settings on physical components [40]. 
Both are increasingly combined with data-driven methods to reduce the 
effort associated with testing [41]. Across these methods, the varied 
parameters are design variables of the nominal component, so that 
the relation is established for the intended design rather than for the 
deviated state of an individual, degraded component.

Beyond the intended design, further approaches explicitly account 
for the effect of manufacturing-induced variations on functional be-
havior. Solution space engineering identifies the region of design pa-
rameters within which the required performance is maintained despite 
tolerances and uncertainties [42]. Building on such solution spaces, 
margin-based approaches [43] and their formalization in the Margin 
Value Method [44] quantify the distance between the chosen design 
and the boundary of the admissible space, expressing the reserve that 
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Table 1
Comparison of existing approaches for describing embodiment and its relation to functional behavior. Each approach is assessed against the criteria required for 
instance-specific decision-making in circular manufacturing systems. No approach fulfills all of them.
 Legend 
  addressed 
G# partially addressed 
# not addressed

Deviations 
from 
nominal state

Individual 
instances

Adaptive 
characteristic 
space

Functional 
evaluation 
based on 
embodiment

Quantitative 
functional 
behavior

Admissible 
characteristic 
space

Lifecycle data 
integration

 

 Approach Ref. Requirements

 Describing embodiment (Section 2.1)
 GPS and CAD-based description [16] G# # # # # # #  
 GeoSpelling and skin model shapes [18,19]  G# G# # # # #  
 Vision-based degradation assessment [22,26]   G# # # # G#  
 STEP and 3D scan formats [29]   # # # # #  
 PDM and PLM systems [30,31] # G# # # # #   
 Relating embodiment to functional behavior (Section 2.2)
 Function-behavior-state modeler [34,35] # # G#  # # #  
 Solution space and design margins [42,44] G# # #  G#  #  
 Robust design [45] G# # #  G# # #  
 Parameter-based models and DoE [36,37] # # #   G# #  
 Condition monitoring and PHM [46,47] G#  # G#  G# G#  
 Artificial damage testing [48] G#  #   G# #  
 Digital twin [49,50] #  # G# # #   
is kept to accommodate uncertainty and to enable later change. Robust 
design approaches address the same relation from the opposite direc-
tion by reducing the sensitivity of functional behavior to manufacturing 
and operational variation [45]. These approaches share the premise of 
a prospective design task, in which admissible spaces, margins, and 
robustness are determined for a component type before manufacturing, 
based on an anticipated distribution of variation within a fixed set of 
design parameters. They therefore do not address the evaluation of an 
individual, already degraded component against changed requirements, 
where the characteristic space itself may need to be extended by newly 
emerging degradation features.

In contrast, degradation effects are primarily addressed in condi-
tion monitoring and predictive maintenance approaches, which focus 
on monitoring the functional behavior of components during operation 
[46]. Sensor-based methods analyze signals such as vibrations or dis-
placements to detect damage and estimate remaining useful life [47]. 
While these approaches capture the temporal evolution of functional 
behavior and can continuously integrate data over the operational life, 
degradation is inferred from changes in measured signals, whereas the 
corresponding embodiment changes are not explicitly quantified. Even 
when inspection data are used to relate embodiment measurements to 
physical degradation, this mapping is often non-systematic and strongly 
dependent on operating conditions and observed damage patterns [28]. 
To enable controlled analysis of degradation effects, some studies in-
troduce artificial damage to investigate its influence on functional 
behavior under defined conditions [48], thereby establishing an explicit 
relation between the embodiment change and the resulting functional 
behavior. However, the damage is synthetic rather than derived from 
real use, and the analysis is centered on an isolated degradation mech-
anism rather than on a representation that adapts to the combination 
of characteristics observed on an individual component.

Beyond these individual perspectives, integrating approaches bring 
embodiment and behavior data together across the lifecycle. The con-
cept of the digital twin links a physical entity to a virtual representation 
through data acquired over its life [49]. For remanufacturing, this 
concept has been formalized into an information model that defines 
the classes and attributes required to decide on the treatment of a 
returned component, spanning as-designed, as-built, and current-state 
representations as well as predicted future states [50]. While it provides 
attributes for embodiment characteristics and their deviations, it does 
not specify which of them are functionally relevant, nor how they 
relate to the resulting functional behavior. The authors accordingly 
identify the need to translate existing knowledge and data into an in-
tegrated system, which for the embodiment of an individual, degraded 
component has to be derived first [50].
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2.3. Positioning of the present work

The positioning of the present work with respect to existing ap-
proaches is summarized in Table  1. The comparison deliberately spans 
approaches of different nature, ranging from description frameworks 
and inspection tools to data infrastructures and evaluation methods. 
It assesses not their respective purpose, but whether they address the 
required criteria fully, partially, or not at all. Approaches for describing 
embodiment capture deviations from the nominal state and, in the case 
of vision-based methods, the state of an individual component, but 
they do not relate the described embodiment to functional behavior. 
Conceptual frameworks such as the function-behavior-state modeler 
evaluate behavior on the basis of the embodiment and even allow the 
set of attributes to change, but they remain qualitative and do not 
quantify the relation for a specific physical component. Parameter-
based models quantify this relation for systematically varied design 
parameters, and solution space engineering and robust design build 
on such relations to derive admissible regions or margins. However, 
all of them operate on idealized nominal geometries and anticipated 
distributions of variation for a component type. Condition monitoring 
approaches capture the state of an individual component over time, but 
infer degradation from measured signals rather than describing the un-
derlying embodiment. Artificial damage testing establishes this relation 
from the embodiment side, but only for isolated and synthetic de-
fects. Digital twin approaches integrate embodiment and behavior data 
across the lifecycle, but provide the architecture in which such data 
are organized without specifying which characteristics are functionally 
relevant. Across all considered approaches, the set of characteristics is 
furthermore not adapted to newly emerging degradation features. It 
either remains fixed, is extended only qualitatively or in a predefined 
manner, or captures new features as isolated local observations without 
integrating them into the global embodiment. Each of the required 
criteria is therefore met by some of the reviewed approaches, but 
not within a single integrated one. No existing approach combines an 
adaptive, instance-specific embodiment description with a quantitative 
relation to functional behavior, which is the gap addressed by the UED 
introduced in this work.

3. Proposed approach

The fragmented representation of embodiment states and its relation 
to functional behavior motivates a structured approach for consis-
tent decision-making in circular manufacturing systems. This section 
introduces the UED that integrates design, manufacturing, and degrada-
tion perspectives into a single characteristic-based and state-dependent 
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Fig. 1. Layer 1 shows nominal design characteristics (black) and degradation-induced descriptors (red). Layer 2 adds manufacturing variations (blue), required 
embodiment space (gray), and R-strategy boundaries (orange), arranged by increasing intervention depth.  (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
representation. The UED denotes the two-layered description scheme, 
which is constructed by the supporting UED method. The scheme 
defines how embodiment characteristics and functionally derived toler-
ance regions are structured, while the method specifies the procedure 
by which both layers are constructed. Applying the approach to an indi-
vidual component yields its instance-specific embodiment description, 
which serves as the basis for R-strategy decisions. The UED is described 
according to established guidelines for design methods using the four 
elements of intended use, core, representation, and procedure [51].

3.1. Unified Embodiment Description

The intended use of the UED is to support decision-making for 
returned mechanical components in circular manufacturing systems, 
where the embodiment state deviates from the nominal design beyond 
the specified manufacturing tolerances and involves characteristics that 
are not part of the nominal design. It enables the assessment of whether 
a component can be reused, requires reprocessing, or should be recy-
cled by linking observed embodiment states to functional requirements 
under evolving characteristic conditions. The acquisition, storage, and 
integration of the required data across the lifecycle are not part of the 
UED and remain a task for the surrounding information architecture, 
such as a product digital twin. The UED is applied during the develop-
ment phase of the next product generation, prior to factory operation, 
by engineers with existing design knowledge of the technical system.

The core of the UED is based on the principle that all lifecycle-
induced changes in mechanical components can be consistently cap-
tured through the definition of embodiment characteristics, provided 
that they manifest as measurable geometric or material characteristics. 
Latent effects without a measurable signature at the considered point 
in time, such as fatigue that has not yet led to a detectable change in 
the embodiment, are therefore outside the scope of the description. By 
using embodiment characteristics as central element, the UED enables 
a coherent and comparable description of component states across 
lifecycle stages and supports the systematic analysis of their impact on 
functional behavior.

On a structural level, the representation of the UED consists of two 
coupled layers, a unified characteristic space and functionally derived 
tolerance regions defined within this space. The two layers decouple 
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the embodiment characteristics themselves from their corresponding 
tolerances. This separation is necessary because functional require-
ments may vary across product generations and usage conditions, 
while degradation can alter the relevance and interaction of embodi-
ment characteristics over time. Fixed characteristic-specific tolerance 
definitions are therefore insufficient to capture evolving functional 
constraints. Fig.  1 illustrates the layer structure for a simplified shaft, 
which serves as an example throughout this section.

The first layer is the unified characteristic space, which represents 
the embodiment state of a component. Nominal design definitions 
provide the initial reference state, while degradation can shift char-
acteristics beyond the specified tolerances and introduces additional 
or modified characteristics reflecting usage-dependent changes. The 
space is therefore not static but adapts and extends depending on 
the observed embodiment state. Manufacturing-induced variation, in 
contrast, acts on existing nominal characteristics and is represented 
as the baseline distribution within the specified tolerances against 
which degradation-induced deviations are interpreted. In the illustrated 
example, the nominal design defines diameter, length, and surface 
hardness of the shaft. Abrasive wear reduces the diameter, corrosion 
decreases the surface hardness at affected areas, and pitting introduces 
additional descriptors such as pit depth and pit area that extend the 
characteristic space.

The second layer defines functionally derived tolerances within this 
characteristic space. Tolerance limits are not defined as independent 
bounds of individual characteristics, but as regions that satisfy func-
tional requirements under multivariate interaction. These regions are 
obtained by evaluating combinations of characteristics with respect to 
functional behavior, resulting in system-level constraints rather than 
isolated characteristic limits. In the shown example, the functional 
tolerance region is derived from a required stiffness and spans the 
two nominal characteristics of diameter and surface hardness. The 
region is not axis-parallel but reflects the multivariate interaction of the 
characteristics, as a reduction in one characteristic can be compensated 
by the other while still achieving the required stiffness. Degrada-
tion caused by wear and corrosion shifts the embodiment state from 
the manufacturing-induced baseline toward and beyond the functional 
boundary. If further investigation of the pit area yields an impact on 
the shaft stiffness, an additional dimension needs to be considered in 
the characteristic space.
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Fig. 2. Seven-step methodology for constructing the UED. Steps 1–4 establish the unified characteristic space (layer 1) by integrating design and degradation 
information. Steps 5–7 define the functionally derived tolerance region (layer 2) by linking embodiment characteristics to functional behavior, and can be revisited 
iteratively as new insights are gained.
The selection of an R-strategy for a used component follows from 
the position of its embodiment state relative to the functional tolerance 
region and from the technical reach of the available reprocessing oper-
ations. A state within the region already achieves the required stiffness 
and is therefore assigned to direct reuse. A state outside the region is as-
signed to reprocessing if the responsible characteristics can be restored 
into the region, for example by additive manufacturing or re-hardening, 
and to recycling if they cannot. The resulting R-strategy zones in Fig. 
1 therefore represent the combination of functional fulfillment and 
technical manufacturing capabilities.

The procedure for constructing the two layers is based on the 
supporting UED method.

3.2. UED method

The UED method is illustrated in Fig.  2 and follows seven steps, 
of which the first four establish the unified characteristic space (layer 
1) and the last three define the functionally derived tolerance re-
gions (layer 2). First, nominal embodiment characteristics are identified 
based on functionally relevant GPS from the design definition. Sec-
ond, manufacturing-induced variations are characterized to establish a 
reference distribution of as-manufactured components. Third, degrada-
tion effects are detected and quantified using appropriate descriptors. 
Fourth, these embodiment descriptors are integrated into the unified 
characteristic space that consistently represents the individual compo-
nent state. Fifth, systematic variation of embodiment characteristics 
is performed to explore their influence on functional behavior. Sixth, 
the impact on functional behavior is quantified and evaluated based 
on testing. Seventh, functionally derived tolerance regions are estab-
lished based on functional requirements. The method can be revisited 
iteratively as the evaluation gains new insights about functional rele-
vance causing nominal characteristics or degradation descriptors to be 
excluded, adapted, or added.

3.2.1. Step 1: Definition of nominal characteristics
The first step identifies functionally relevant nominal characteristics 

based on GPS, which serve as the initial reference for all subsequent 
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analyses. In circular manufacturing systems, they additionally serve as 
a cross-manufacturer and cross-generational reference for comparing 
geometrically similar components from different product instances. 
The step begins by identifying embodiment characteristics that de-
scribe the geometry in a measurable and unambiguous way, such as 
dimensions, form deviations, or surface-related properties. Extraction 
relies on the technical documentation from the previous design phase 
of the returned product, including technical drawings and associated 
specification data. Since each characteristic introduces an additional 
dimension, a subsequent reduction retains only those that are assumed 
to be relevant for functional behavior within the respective system 
context. This reduction is guided by defining relevant aspects of the 
functional behavior that are influenced by the component, such as 
vibration, noise, heat generation, sealing, or efficiency.

In addition to the nominal values, the tolerance specifications as-
sociated with each characteristic are extracted, as they define the 
variation that is admissible in linear production. While the identified 
characteristics populate the unified characteristic space, the associated 
nominal tolerances are not applied as constraints within it. Instead, 
they serve as a baseline for interpreting manufacturing-induced vari-
ation in step 2 and inform the derivation of functionally derived 
tolerance regions in step 7.

3.2.2. Step 2: Characterization of manufacturing-induced variations
For returned components, manufacturing-induced variations and 

degradation-induced changes cannot be strictly separated in the ob-
served geometry, as both contribute to the same measured embodiment 
state. Consequently, degradation is treated as the primary source of 
state variation in circular manufacturing contexts, while manufacturing-
induced deviations define the reference framework for interpreting 
geometric measurements. In addition, geometric specifications such 
as tolerances for surface- or form-related characteristics are often 
asymmetric or only partially constraining. As a result, measured values 
cannot be directly interpreted in isolation, as their position within the 
intended design space is not uniquely defined. A reference-based model 
is therefore required to enable consistent interpretation of geometric 
states.
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Starting from the nominal characteristic space defined in step 1, 
real manufacturing data based on process monitoring or quality control 
are used to populate the characteristic space with observed varia-
tions. For each characteristic, its statistical distribution is analyzed 
with respect to bias within the tolerance range and overall scatter, 
revealing systematic tendencies such as shifts toward tolerance limits 
as well as stochastic process-related variation. The resulting baseline 
extends the nominal characteristic space with empirical information on 
manufacturing capability and supports the assessment of presence and 
severity of degradation patterns in the following step.

3.2.3. Step 3: Detection and quantification of degradation patterns
The third step detects and quantifies occurring degradation patterns 

in used components by first establishing a structured knowledge base. 
As this step relies on empirical measurements, it requires used compo-
nents exhibiting representative degradation. The analysis is driven by 
individual patterns, while being consistently expressed through the use 
of embodiment characteristics.

The definition of the degradation knowledge base is guided by 
standards for machine elements, domain expertise, and empirical ob-
servations of returned components, which provide information on typ-
ical probability and severity. Based on the application context and 
operating conditions, relevant degradation patterns are selected and 
structured. For each pattern, the corresponding manifestation is defined 
in terms of observable embodiment effects, from which measurable 
features for detection and quantitative descriptors are derived. Degra-
dation patterns are distinguished into continuous effects, which affect 
the overall embodiment such as abrasive wear, and discrete effects, 
which are localized in space such as pitting.

Drawing on the knowledge base, degradation patterns are detected 
and quantified using appropriate measurement strategies. The selec-
tion of a suitable strategy depends on the degradation manifestation, 
functional impact, and accessibility of the component and may include 
geometry-based approaches such as optical or tactile measurement, 
or behavior-based approaches such as vibration or friction analysis. 
Automated detection is particularly relevant for discrete degradation 
patterns requiring spatial localization and for components with limited 
accessibility. Measurement strategies and sensing systems for quantifi-
cation depend on the required descriptor type and measurement reso-
lution. The resulting measurements are evaluated against the reference 
distribution established in step 2 to assess whether observed deviations 
exceed expected manufacturing variability and can be attributed to 
degradation.

3.2.4. Step 4: Integration into the unified characteristic space
The fourth step integrates the outputs of the first three steps into 

a consistent and extendable embodiment description of the individual 
returned component. Depending on the detected degradation patterns 
and manufacturing-induced variations, the nominal state in the unified 
characteristic space is selectively adapted or extended. The integra-
tion therefore follows a qualitative activation logic, where additional 
descriptors are introduced only when the corresponding degradation 
patterns are present.

First, the descriptors of each detected degradation pattern are com-
pared with the nominal characteristic space. Depending on their rela-
tion to the existing characteristics, three cases are distinguished. Cases 
1 and 2 mainly occur for continuous degradation effects, whereas local-
ized discrete damage often requires additional characteristics according 
to case 3.

• Case 1: Existing characteristics are sufficient.
The degradation pattern can be expressed using an existing char-
acteristic without modification
(e.g., change in diameter due to wear).
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• Case 2: Existing characteristics require adaptation.
The characteristic remains relevant, but its description must be 
extended or reformulated
(e.g., localized evaluation of hardness due to corrosion).

• Case 3: New characteristics are required.
The degradation pattern is not represented in the nominal space 
and additional characteristics must be introduced (e.g., additional 
descriptors for pitting).

Afterwards, interactions between the characteristics are identified, as 
newly introduced degradation descriptors may not only have direct 
effects but also modify existing characteristics. For example, a scratch 
may be represented by its depth as a new localized characteristic, while 
simultaneously reducing local diameter and increasing roughness. Such 
dependencies are documented and, where necessary, incorporated into 
subsequent measurement and evaluation procedures.

The resulting description combines global characteristics with spa-
tially referenced degradation descriptors. While global characteristics 
can be expressed as scalar values, the spatial localization of discrete 
degradation patterns benefits from a 3D representation of the compo-
nent, in which position, orientation, and extent of localized features are 
unambiguously assigned.

3.2.5. Step 5: Systematic variation within the unified characteristic space
After establishing the qualitative embodiment description in step 

4, the functional relevance of the individual characteristics is still un-
quantified. The fifth step therefore prepares the systematic evaluation 
by deriving a structured study design within the unified characteristic 
space. Instead of exhaustively varying all characteristics in a full-
factorial manner, the approach follows a hypothesis-driven strategy 
in which knowledge of the preceding analysis is used to anticipate 
expected relations, likely interactions, and relevant variation ranges. 
Characteristic variation follows two complementary perspectives, con-
trollable variation through design changes or reprocessing measures 
and inherent variation caused by degradation effects. Representative 
factor levels are selected to cover observed component states and to 
enable systematic exploration of the adjacent parameter space. The 
systematic investigation of degradation-related embodiment changes 
requires the introduction of artificial damage to realize the physical 
embodiment state of specimens for experimental testing.

By expressing degradation-induced and intended design changes 
within the same description, both domains can be jointly investigated 
regarding main effects, interactions, and potential compensation mech-
anisms. Finally, a reference state is defined representing a functionally 
compliant baseline, such as a new or nominally conforming component, 
against which the measured responses of the varied embodiment states 
are compared in the following step.

3.2.6. Step 6: Quantification and evaluation of embodiment-function 
relations

The sixth step generates and evaluates measurable data describing 
the functional behavior based on the study design of step 5. An appro-
priate testing environment is established, including experimental setups 
or simulation models capable of reproducing the defined characteristic 
variations while reliably capturing the metrics of the functional behav-
ior. As this step comes at considerable effort, the definition of functional 
metrics and the establishment of the testing environment can often 
build on already present validation criteria, testing procedures, and 
performance targets from the original product development process. 
Subsequent data analysis identifies relevant dependencies, sensitivities, 
and potential interactions between characteristics. These relations are 
summarized in a suitable form, such as empirical models, response 
surfaces, threshold values, or ranked influence factors.

The outcome of this step is a reliable dataset linking embodiment 
variations to quantified functional responses. This provides an empiri-
cal basis for understanding how changes in embodiment affect system 
behavior without requiring a fully predictive physical model.
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Fig. 3. Principal sketch of the Fein CG15-125BL angle grinder based on [52], showing the product structure with relevant components (top). The bottom view 
details the spindle shaft, needle roller bearing (NRB), and the full set of analyzed spindle shafts.
3.2.7. Step 7: Definition of functionally derived tolerance regions
The seventh step derives practically applicable characteristic lim-

its from the quantified relations between embodiment variation and 
functional behavior. These limits form the basis for decision-making 
on the suitable R-strategy for a used component within a circular 
manufacturing system. First, the functional requirements of the investi-
gated product variant must be specified. Based on these requirements, 
tolerance regions associated with sufficient functional behavior are 
identified and linked to the responsible embodiment characteristics, 
considering both individual effects and relevant interactions.

The resulting tolerance regions define the decision rule that links 
an observed embodiment state to a suitable R-strategy. If the observed 
characteristic values lie within the functional region, the component 
fulfills the requirements and is assigned to direct reuse. If they lie out-
side, the decision depends on whether the responsible characteristics 
can be technically restored into the region, which is feasible only if 
the available reprocessing capabilities, for example additive and subse-
quent subtractive operations, can establish the required characteristic 
state. If they cannot, the required functional behavior is not recoverable 
and the component is recycled. Embodiment states close to R-strategy 
boundaries may additionally warrant intensified inspection to account 
for measurement and prediction uncertainty. Beyond this functional de-
cision rule, manufacturing, assembly, and economic constraints should 
also be considered when defining practically applicable boundaries, in 
accordance with multi-criteria decision models.

The resulting tolerance regions turn the embodiment description of 
an individual component into an operational decision on its further 
use. Beyond this short-term decision, the identified sensitivities and 
recurring degradation patterns can be transferred to future product 
generations, thereby supporting more robust designs for circular use.

4. Case study

The following case study demonstrates the application of the UED 
method in a circular manufacturing context for angle grinders, focusing 
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on the reuse and reprocessing of mechanically degraded components. 
A spindle shaft is selected as a representative component to illustrate 
the method under real-world engineering conditions. The analysis is 
restricted to geometric embodiment characteristics, while material-
related effects are excluded to maintain a focused and measurable 
application scope.

4.1. Case description

Angle grinders are portable power tools used for cutting and grind-
ing hard materials such as steel, concrete, or stone. Fig.  3 shows a 
schematic representation of the technical system and the corresponding 
component of the case. The spindle shaft of the output stage is selected 
as the investigated component due to its functional relevance. It trans-
mits the torque of the drivetrain while supporting loads originating 
from the gear stage and operator-induced forces. A needle roller bearing 
(NRB) with drawn cup and without inner ring supports the spindle 
shaft in the gearbox housing. Since the needles run directly on the shaft 
surface, the subsystem is highly sensitive to embodiment deviations.

From a circular manufacturing perspective, returned angle grinders 
from different generations and manufacturers often exhibit similar 
subsystem architectures, creating the potential for component reuse 
beyond the original product instance. At the same time, differences 
in nominal geometry between manufacturers and accumulated degra-
dation from prior use lead to heterogeneous embodiment states. The 
spindle shaft therefore represents a circular decision problem in which 
it has to be determined whether a used component can be directly 
reused, requires reprocessing, or should be recycled, and to what extent 
nominal design interacts with degradation effects.

The case study is based on a dataset of 63 spindle shafts, including 
57 used and 6 new components originating from 10 different manufac-
turers. To ensure a reliable evaluation, only a subset of 21 used spindle 
shafts from five different manufacturers (A–E), as shown in Fig.  3, 
was considered, as this subset provided a sufficient number of samples 
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Fig. 4. Technical drawing of the spindle-bearing interface (left) and diameter measurements from five manufacturers A–E (right). Based on ISO 3245, relevant 
embodiment characteristics are extracted, with the measurements highlighting manufacturer-specific fit strategies.
for drawing valid conclusions. For the purpose of cross-manufacturer 
compatibility in the steps 1–4 and functional evaluation in the steps 
5–7, the Fein CG15-125BL angle grinder of manufacturer A is used as 
the reference perspective. This angle grinder has a nominal diameter 
of 𝑑 = 7mm and uses the SKF HK 0709 as dedicated NRB. The embod-
iment is analyzed using standardized metrological procedures for new 
shafts and adapted measurement strategies for used shafts exhibiting 
degradation. To evaluate the influence of embodiment deviations on 
functional behavior, dedicated test specimens with artificial damage 
and an experimental test setup are used.

4.2. Results

4.2.1. Step 1: Definition of nominal characteristics
The nominal characteristics of the spindle shaft are defined by the 

requirements of its functional interface. Since the shaft surface forms 
a contact pair with the needles of the NRB, the relevant embodiment 
is governed by ISO 3245 [53], which specifies the design of a NRB 
with drawn cup and without inner ring, as well as the corresponding 
bearing seats. The nominal characteristics of the spindle shaft are 
therefore derived from the dimensions and tolerances defined therein. 
An exemplary technical drawing of the spindle-bearing subsystem, in 
accordance with GPS conventions, is sketched on the left side of Fig. 
4. The contact pair also motivates a reduction of the characteristic 
set, as secondary geometric features in the form of length, chamfer, 
center hole, and relief groove are not dominant for the investigated 
functional behavior. The resulting nominal characteristic space consists 
of the shaft diameter (inside of h6), the shaft cylindricity (inside of IT3), 
and the shaft surface roughness (polished and below 𝑅𝑧 = 2.5 μm). In 
addition to the shaft diameter, the tolerance of the inner diameter of 
the NRB is defined as F8.

In the given diameter range the two tolerances relate to the absolute 
values of [−9, 0] μm (h6) and [13, 35] μm (F8). The diameter is defined 
by a two-sided tolerance, while cylindricity and surface roughness 
are constrained by one-sided limits. From a functional perspective, 
this implies that improved cylindricity and surface roughness have 
negligible impact on system behavior. However, for surface roughness, 
reduced friction in the bearing contact may lead to slipping instead of 
rolling, thereby increasing vibration levels.

To investigate cross-manufacturer and cross-generational compati-
bility, the right side of Fig.  4 presents the nominal diameter fit strate-
gies applied by the five different manufacturers. Diameter measure-
ments were performed using a digital outside micrometer (Mitutoyo 
Digimatic) at two axial positions outside the raceway and two ra-
dial orientations offset by 90◦ per position, with each measurement 
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repeated twice and averaged. Results show that only manufacturer 
A dimensioned the shaft exactly to the nominal h6 tolerance, while 
manufacturers B, C, and E deviate but stay within a clearance fit 
regime. Manufacturer D far exceeds the nominal h6 tolerance, resulting 
in a transition fit with respect to the F8 tolerance zone of the NRB, 
and shows significant variation between individual product genera-
tions, which suggests that identical components are rarely reused. This 
variation in nominal tolerances between manufacturers highlights the 
importance of evaluating cross-manufacturer compatibility. It therefore 
has to be assessed whether components from other manufacturers still 
fulfill the functional requirements for the specific product variant of 
manufacturer A.

4.2.2. Step 2: Characterization of manufacturing-induced variations
Based on the nominal characteristic space, manufacturing-induced 

variations are characterized using measurements from new spindle 
shafts. In this case study, the measurements are carried out man-
ually, due to missing production data. Six new spindle shafts from 
manufacturer A are analyzed, as they provide a consistent dataset for 
the as-manufactured state. The measured offsets of the shaft diameter 
relative to the nominal value are shown on the left side of Fig.  5. Diam-
eter measurements were performed using the same digital micrometer 
and measurement scheme as in step 1. All components lie within the 
specified h6 tolerance zone. A slight systematic offset toward the upper 
tolerance limit is observed, with a mean offset of 𝛥𝑑 = −2.54 μm and a 
maximum offset of 𝛥𝑑 = −3.62 μm. The observed standard deviation is 
𝑠𝑑 = 0.79 μm.

A representative roundness measurement used to assess cylindricity 
is shown in the center of Fig.  5, obtained with an Alicona μCMM. For 
the given nominal diameter, IT3 corresponds to a tolerance of 2.5 μm. 
All measurements remain within this range, indicating no systematic 
manufacturing-induced variation in this characteristic.

The right side of Fig.  5 shows the measured line roughness 𝑅𝑧 of 
the six spindle shafts. Measurements were acquired with a Keyence 
VHX-6000 digital microscope at 800× magnification, measured at four 
radial positions offset by 90◦ at the axial midpoint of the shaft. At 
each position, a 5mm evaluation profile was extracted along the shaft 
axis with a cut-off wavelength of 𝜆𝑐 = 0.8mm in accordance with 
ISO 4288. The mean roughness is 𝑅𝑧 = 2.2 μm with a standard deviation 
of 𝑠𝑑 = 0.171 μm. Although all values are below the specified maximum 
of 𝑅𝑧 = 2.5 μm, the distribution lies close to the tolerance limit. For 
one component, a local roughness value of 𝑅𝑧 = 5.04 μm is observed at 
a specific circumferential position, which post-analysis attributes to a 
localized surface defect. This highlights that spatial orientation is not 
explicitly encoded in the nominal characteristic space, which becomes 
relevant for the description of degradation in step 3. 
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Fig. 5. Baseline measurements of diameter (left), roundness (middle), and roughness (right) from manufacturer A. Results shown as box plots against respective 
specification limits and as a polar profile for roundness. Characteristics are within tolerance for diameter and roundness, with a single outlier in roughness 
corresponding to localized surface defects.
4.2.3. Step 3: Detection and quantification of degradation patterns
The degradation knowledge base is established by combining lite-

rature-based failure classifications with empirical observations from 
used spindle shafts. In particular, bearing-related degradation modes 
according to ISO 15243 [54] are used as a structural reference, since 
the spindle shaft operates as the inner ring of the NRB. Combined with 
the screening of the 21 used spindle shafts, representative degradation 
patterns are selected for detailed analysis. The screening also revealed 
that several shafts exhibited multiple degradation patterns simultane-
ously, in some cases overlapping in the same region of the raceway. The 
resulting knowledge base links observed degradation patterns to their 
embodiment manifestation and corresponding geometric descriptors, as 
summarized in Fig.  6.

Polishing wear manifests as a reduction in surface roughness due to 
repeated contact between rollers and raceway and is quantified using 
local roughness measurements. Plastic deformation is caused by high 
contact stresses at the roller edges and leads to a reduction in local 
diameter, represented through axial diameter measurements in com-
parison to the nominal geometry. Scratches are local abrasive damage 
caused by hard particles and are represented through their spatial 
location and geometric descriptors such as angle, depth, width, and 
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length. Polishing wear and plastic deformation are therefore continu-
ous degradation patterns, whereas scratches are discrete and require 
localization on the component. The empirical analysis also revealed 
cases of fretting corrosion and pitting, which are omitted here due to 
scarce appearance. For the initial degradation identification, a visual 
pre-screening was used to localize relevant degradation features in 
the dataset. Since the focus of this case study is on the embodiment-
based representation rather than automated inspection strategies, the 
detection process is not further formalized in this work.

Polishing wear is quantified with an Alicona μCMM using the same 
evaluation profile and cut-off wavelength as in step 2, but applied 
within the identified contact zone. Fig.  7 shows the results in com-
parison with a new spindle shaft. The worn spindle exhibits a lower 
mean roughness depth within the bearing contact zone, with 𝑅𝑧 =
1.2 μm compared to 𝑅𝑧 = 2.1 μm for the new spindle, corresponding 
to a reduction of approximately 43%. This confirms that the visually 
identified region corresponds to a measurable modification of surface 
topography, consistent with the smoothing effect typically caused by 
polishing wear.
Fig. 6. Observed degradation patterns of the spindle shafts. Macroscopic view (top) where boxes mark the degradation, microscopic detail (middle) with qualitative 
description and measurable parameters (bottom). The new shaft serves as reference baseline. Patterns can occur individually or in combination on a single 
specimen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Surface roughness characterization of raceway acquired with an Alicona μCMM at 20× magnification. The horizontal line indicates the 5 mm evaluation 
profile. Top: Used spindle with reduced surface roughness (𝑅𝑧 = 1.2μm). Bottom: New spindle in as-manufactured condition (𝑅𝑧 = 2.1μm). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. Surface profile along the spindle shaft axis at the contact edge. The transition toward the bevel gear (green) shows a more pronounced radial reduction 
of 𝛥𝑟 = 1.76 μm, than the shaft-end side (blue) with 𝛥𝑟 = 1.51 μm. Both profiles rise beyond the contact edge, indicating lateral pile-up of displaced material.  (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. Exemplary quantification of a surface scratch using optical topography data. A perpendicular profile determines scratch width and depth via three 
characteristic points, while the visible extent in the image is measured along the scratch direction to determine its length.
-

Plastic deformation is evaluated through 3D topography measure-
ments using a Keyence VHX-6000 digital microscope at 600× magnifi-
cation, from which surface profiles are extracted. The analysis focuses 
on the transition regions between the bearing raceway and the nominal 
shaft surface, where contact-induced material flow is expected to occur. 
For each transition region, four profiles distributed along the circum-
ference are recorded, with two measurement lines per angular position. 
The resulting radius deviations are aggregated and summarized in Fig. 
8. Both transition regions exhibit a local radius reduction at the needle 
roller edge. 𝛥𝑟 = 1.51 μm on the shaft-end side and 𝛥𝑟 = 1.76 μm on the 
bevel-gear side. This corresponds to a mean local diameter reduction 
of approximately 𝛥𝑑 ≈ 3.3 μm. Beyond the contact zone, both profiles 
rise again toward the shaft ends, consistent with a lateral material 
pile-up displaced from the raceway during operation. These deviations 
remain within a comparable order of magnitude as the manufacturing-
induced variability of the diameter established in step 2 (𝑠𝑑 = 0.79 μm). 
Plastic deformation is therefore represented by adapting the existing 
diameter characteristic to a localized evaluation, but does not indicate 
a pronounced degradation effect for the analyzed sample set.

Scratches are quantified by local geometric descriptors derived 
from high-resolution topography measurements performed with the 
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Alicona μCMM. For each scratch, characteristic points along and across 
the scratch are manually selected in the acquired point cloud, from 
which length and width are calculated as Euclidean distances between 
opposing boundary points. The depth is evaluated as the height dif-
ference between the local surface level and the minimum profile point 
within the groove, based on a roughness profile extracted perpendicular 
to the scratch orientation using a cut-off wavelength of 𝜆𝑐 = 0.8mm. 
The orientation is defined as the angle between the principal axis of 
the scratch and the shaft axis, using the surface machining marks as 
reference. Two scratches are analyzed on the same shaft, with their 
geometric descriptors summarized in Fig.  9. They exhibit lengths 𝑆𝐿
of 596 μm and 521 μm, widths 𝑆𝑊  of 71 μm and 62 μm, depths 𝑆𝐷 of 
12.04 μm and 7.12 μm, and orientations 𝑆𝐴 of 89.4 ◦ and 79.3 ◦ relative 
to the shaft axis.

4.2.4. Step 4: Integration into the unified characteristic space
The nominal characteristics diameter, cylindricity, and surface rough

ness are mapped to the corresponding degradation manifestations and 
summarized in Fig.  10. Polishing wear is assigned to case 1, as it can 
be directly represented by the existing surface roughness characteristic 
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Fig. 10. Integration of embodiment characteristics including comparison and potential interactions with measurements (left). Unified characteristic space (right), 
including the nominal characteristic space and the degradation patterns polishing wear, plastic deformation and scratches.
without modification. Plastic deformation is assigned to case 2, since 
the diameter is already part of the nominal characteristic space but 
must be extended from a discrete measurement to a continuous profile 
along the shaft axis to capture local reductions. Scratches are assigned 
to case 3, as their occurrence introduces new, spatially localized char-
acteristics that are not part of the original design specification. The 
description is reduced to orientation, length, width and depth, as a full 
spatially resolved representation of individual scratch positions would 
lead to a prohibitively high complexity for the manual case study.

In a second step, interactions between characteristics and measure-
ment procedures are identified. A key interaction is observed between 
surface roughness in the nominal characteristic space and polishing 
wear, requiring roughness measurements to be consistently performed 
within the functional raceway region, where degradation is relevant. 
Plastic deformation introduces a continuous variation of diameter along 
the shaft axis, requiring multiple measurements along the raceway, 
particularly at the contact edges. This aligns with the measurement 
principle used for roundness evaluation. Scratches affect multiple mea-
surement outcomes depending on their orientation. While diameter 
measurements are taken circumferentially, surface roughness is evalu-
ated along the axial direction. Consequently, the influence of scratches 
on measured characteristics depends on their spatial alignment rela-
tive to the measurement direction. The resulting unified characteristic 
space, including all relevant characteristics and degradation-induced 
extensions, is shown on the right side of Fig.  10. Deviations in geometry 
by scratches, polishing, and deformation are highlighted in the techni-
cal drawing with red annotations, and the corresponding embodiment 
characteristics are listed below the associated degradation patterns. 
Since each inspection yields instance-specific degradation patterns and 
severity, the unified characteristic space adapts dynamically as further 
information about the embodiment is acquired. To fully exploit the 
UED, a spatial representation of the embodiment, for example in a 
3D point cloud, can support the localization of discrete scratches and 
thereby improve the spatial traceability of inspection results.

4.2.5. Step 5: Systematic variation within the unified characteristic space
The parameter variation follows a staged experimental design with 

three phases, summarized in Table  2. In phase 1, diameter and surface 
roughness are varied using a full-factorial design with three levels 
each and one specimen per combination, resulting in 9 shafts with 
two measurement replications each. The shaft at diameter level 0 
and roughness level 0 without scratches serves as the reference state, 
as its configuration corresponds to a new component. In line with 
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the hypothesis-driven strategy of the method, the design was adapted 
during execution based on intermediate results from phases 1 and 2, 
which motivated a focused continuation in the respective subsequent 
phases.

An increased diameter enlarges the contact area between shaft 
and needles while reducing fit clearance, thereby affecting Hertzian 
contact conditions, which is expected to increase subsystem stiffness 
and influence vibration behavior. The factor levels are derived from 
nominal design specifications and manufacturing constraints. Level 0 
corresponds to the nominal h6 tolerance but is tightened to IT5 for 
clearer differentiation between factor levels. Level +1 represents an in-
creased diameter as observed in transition fits (manufacturer D), while 
level −1 reflects a reduced diameter achievable through subtractive 
reprocessing.

Surface roughness influences frictional conditions at the contact 
interface and thereby the rolling behavior of the needles. Increased 
roughness may lead to more localized contact and higher vibration 
levels, while reduced roughness may promote slip, whereas no signifi-
cant effect on stiffness is assumed. The factor range combines nominal 
design specifications, manufacturing-induced variation, and degrada-
tion effects, with level −1 corresponding to polishing wear, level 0 to 
the nominal design, and level +1 to increased roughness due to wear-
related surface damage. Since phase 1 revealed no significant effect of 
surface roughness within the investigated range, the subsequent phases 
were restricted to the nominal roughness level 0 to reduce experimental 
effort.

In phases 2 and 3, a scratch is introduced as a discrete degradation 
to capture localized disturbances expected to influence vibration behav-
ior. The scratch location is fixed at the center of the raceway, and length 
and width are kept constant, while angle and depth are varied to repre-
sent characteristic extremes observed in degraded components. Phase 
2 addresses scratch angle as a hard-to-change factor using a split-plot 
design. The three shafts from phase 1 at the nominal roughness level 
are reused and complemented by three additional, nominally identical 
shafts, yielding two shafts per diameter level with four measurement 
replications for each shaft. Within each diameter level, one shaft is 
assigned to each angle (𝑆𝐴 = 0◦ and 𝑆𝐴 = 90◦), so that the angle 
is varied between subjects while all other characteristics remain fixed 
at a scratch depth of 𝑆𝐷 = 10 μm. Since phase 2 did not resolve a 
distinction between axial and radial scratches at this depth, phase 3 
varies the scratch depth within the configurations of phase 2 to capture 
the effect of defect severity under identical geometric and orientational 
conditions. Each axial scratch is measured at an additional depth level 
of 𝑆 = 20 μm, providing a repeated-measures structure.
𝐷
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Table 2
Study design for functional evaluation. Phase 1 (full factorial) varies the shaft diameter 𝑑 and the surface roughness 𝑅𝑧. Phase 2 
(between shaft) and phase 3 (within shaft) vary the scratch angle 𝑆𝐴 and scratch depth 𝑆𝐷.
 Phase 1: full factorial Phase 2: between shaft Phase 3: within shaft
 Shaft ID Level 𝑑 in mm Level 𝑅z in μm 𝑆A in ◦ 𝑆D in μm  
 1 −1 7e5 −1 1.50 ± 0.15 – –  
 2.1 −1 7e5 0 2.50 ± 0.15 0 0/10/20  
 2.2 −1 7e5 0 2.50 ± 0.15 90 0/10  
 3 −1 7e5 +1 3.50 ± 0.15 – –  
 4 0 7h5 −1 1.50 ± 0.15 – –  
 5.1 0 7h5 0 2.50 ± 0.15 0 0/10/20  
 5.2 0 7h5 0 2.50 ± 0.15 90 0/10  
 6 0 7h5 +1 3.50 ± 0.15 – –  
 7 +1 7s5 −1 1.50 ± 0.15 – –  
 8.1 +1 7s5 0 2.50 ± 0.15 0 0/10/20  
 8.2 +1 7s5 0 2.50 ± 0.15 90 0/10  
 9 +1 7s5 +1 3.50 ± 0.15 – –  
4.2.6. Step 6: Quantification and evaluation of embodiment-function 
relations

To investigate the effects of the characteristic variations, empir-
ical testing is required, as no sufficiently detailed simulation model 
is available and domain-specific knowledge on angle grinder spindle 
shafts is limited in the literature. Test specimens are therefore gener-
ated via controlled parameter variation and measured on a dedicated 
experimental test bench. The aim is to identify quantitative relations 
between embodiment characteristics and functional behavior rather 
than to provide a comprehensive statistical analysis, so that the number 
of repetitions per configuration is deliberately limited and the focus lies 
on comparative trends across factor levels.

The test bench is shown in Fig.  11 and also described in [55]. 
The original drivetrain of the angle grinder serves as power input, 
while a load motor and linear actuators emulate operational torque 
and forces. Most original components are retained to preserve realistic 
system behavior, while the gearbox housing is modified to enable 
fast exchange of the spindle shaft subsystem, comprising the spindle 
shaft, bearing, and bevel gear stage. This subsystem-level exchange 
is necessary because press fits and wear-related constraints prevent 
isolated shaft replacement. To ensure reproducibility across repeated 
assembly cycles, bearing lubrication is omitted.

The load profile represents a steady cutting operation with a load 
motor torque of 1.5Nm, a horizontal actuator displacement of 200 μm, a 
vertical actuator displacement held at 0 μm, and an actively controlled 
average drive speed of 6400min−1. All signals are sampled at 18 kHz, 
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with torque and rotational speed captured by a combined measurement 
shaft (HBK T210). Stiffness is derived from the reaction force at the 
actuator measured by a strain-gauge load cell (Burster 8435-6001), 
complemented by bevel gear displacement in two orthogonal directions 
(Keyence LK-H052 and LK-H152) as an indirect indicator of shaft de-
flection. Vibration emissions are captured by two accelerometers (PCB 
356B21) mounted on the front and top faces of the gearbox housing, 
with phase 1 using the vertical component of the top-mounted sensor 
and phases 2 and 3 the axial component of the front-mounted sen-
sor. Acceleration signals are evaluated as the root-mean-square (RMS) 
within defined frequency bands of the power spectral density (PSD), 
providing a scalar measure of vibration intensity per band. Broadband 
vibration is assessed in the gear-mesh frequency (GMF) band, while 
bearing-related effects are evaluated on the envelope of the acceleration 
signal around two characteristic kinematic frequencies of the NRB. The 
inner-race rotational frequency indicates eccentric loading of the shaft 
and the inner-race point-defect frequency indicates localized damage 
on the shaft surface. Results for the three phases are summarized in Fig. 
12, where error bars indicate the range across repeated measurements.

Phase 1 – Diameter and roughness. The first phase investigates 
the influence of shaft diameter and surface roughness in the absence 
of scratches. The horizontal force exhibits a clear dependency on shaft 
diameter, with three distinct plateaus corresponding to the three diam-
eter levels and indicating a systematic increase in subsystem stiffness 
with diameter. The diameter accounts for the dominant share of the 
variation between configurations (𝜂2 = 0.94) and its main effect 
𝐷
Fig. 11. Test bench for investigating the influence of the spindle shaft on stiffness and vibration. Instrumented drive train loaded with torque and forces (left), 
adapted gearbox housing integrating original angle grinder components (top), and exchanged shaft-bearing subsystem (bottom).
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Fig. 12. Functional evaluation of shaft characteristics on subsystem stiffness and vibration across three phases. Phase 1 (top) evaluates horizontal force, axial 
bevel-gear displacement, and GMF-band RMS against shaft diameter and roughness. Phase 2 (center) and Phase 3 (bottom) assess envelope-based defect metrics 
and GMF-band RMS for scratch angle and depth in combination with shaft diameter. Error bars indicate the range across repeated measurements.
exceeds the measurement scatter by a factor of about 22, with a linear 
model in the diameter explaining the force almost completely (𝑅2 =
0.92). The axial displacement of the bevel gear confirms this trend as 
displacement decreases at higher stiffness, again well separated across 
diameter levels. In contrast, variations in surface roughness produce 
only minor differences that remain within the scatter of repeated mea-
surements (𝜂2𝑅 = 0.02, effect of the order of the measurement scatter). 
The broadband vibration metric in the GMF band shows no systematic 
trend with respect to either diameter or roughness, and a corresponding 
model explains little of the observed variation (𝑅2

adj = 0.13). Phase 1 
therefore establishes diameter as the dominant driver of subsystem 
stiffness, while neither diameter nor roughness produces a resolvable 
effect on vibration within the investigated range. This negative result 
on the vibration side confirms that the broadband vibration signal is not 
systematically affected by the global characteristics and can therefore 
serve as a baseline for localized defects.

Phase 2 – Scratch angle. The second phase introduces a shallow 
scratch of approximately 𝑆𝐷 = 10 μm depth and varies its orientation 
between axial (𝑆𝐴 = 0◦) and radial (𝑆𝐴 = 90◦). The intent is to probe 
whether scratch orientation can be discriminated through the vibration 
response and whether the bearing-specific envelope metrics provide a 
more sensitive indicator than the broadband GMF-band RMS. Across 
all three vibration metrics and both orientations, the change induced 
by the scratch remains below the measurement scatter, with signal-to-
noise ratios between 0.0 and 0.8 and a variance contribution of the 
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scratch of at most 𝜂2 = 0.22. No systematic separation between scratch 
orientations can be resolved. Notably, the reference measurements 
(solid line) taken before scratching already differ between configu-
rations that should be nominally identical, so that a large share of 
the variation is attributable to differences between nominally identical 
shafts rather than to the scratch. In contrast, the post-scratch measure-
ments (dashed line) remain close to their respective references. This 
pattern indicates that the variability is not driven by random measure-
ment noise of the test bench, but rather by systematic effects associated 
with assembly and the remaining components of the subsystem. At this 
scratch depth, the defect-induced excitation is therefore of the same 
order as the global system variability, and a reliable distinction between 
axial and radial scratches is not yet possible.

Phase 3 – Scratch depth. Building on the findings of phase 2, 
the third phase isolates the effect of scratch depth by restricting the 
analysis to axial scratches and extending the depth range up to 𝑆𝐷 =
20 μm. With increasing scratch depth, all three vibration metrics show 
a consistent upward trend, with the scratch depth accounting for the 
dominant share of the variation between configurations (𝜂2𝑆 between 
0.51 and 0.82) and its effect exceeding the measurement scatter by 
a factor of about 2.1 to 2.5. The effect is most pronounced for the 
envelope-based metrics, where the response at the deepest scratch level 
clearly exceeds both the reference and the shallow-scratch level. The 
broadband GMF-band RMS shows a comparable, although less sharply 
separated, increase with scratch depth. The progression across the three 



J. Hemmerich et al. Journal of Manufacturing Systems 89 (2026) 197–214 
depth levels is markedly non-linear. A difference between the reference 
state and the 𝑆𝐷 = 10 μm level remains within the measurement scatter, 
whereas the step to 𝑆𝐷 = 20 μm produces a substantial rise across 
all metrics. Because of this piecewise behavior, a linear model in the 
scratch depth captures the relation poorly, in contrast to the linear 
diameter–force relation established in phase 1. A categorical model 
that assigns a separate level to each scratch depth instead reflects the 
piecewise progression and explains a substantial part of the measured 
variation (𝑅2 between 0.47 and 0.71 across the vibration metrics). 
This indicates the existence of a detection threshold below which 
axial scratches cannot be reliably resolved by the considered vibration 
features, and above which the defect emerges clearly from the system-
level variability. An interaction with the variation in shaft diameter 
could not be detected.

4.2.7. Step 7: Definition of functionally derived tolerance regions
Building on the quantified relations, functionally derived tolerance 

regions are defined for the used shafts, instantiating the decision logic 
for the spindle-bearing subsystem. These regions link the observed 
embodiment state to the R-strategies of direct reuse, reprocessing, and 
recycling. Their derivation rests on a set of assumptions. Diameter is 
treated as the dominant driver of stiffness and axial scratches as the 
dominant driver of vibration. Radial scratch orientation is neglected as 
no clear effect on vibration metrics could be shown within the given 
scratch depths. Since roughness does not exhibit a detectable effect 
on functional behavior within the examined parameter space, it is not 
considered as a criterion for evaluation.

For the diameter, the functional requirement is defined such that a 
shaft must not exhibit lower stiffness than the original component. This 
translates into a threshold at the lower boundary of the h5 tolerance 
band, corresponding to a diameter of 𝑑 = 6.994mm. A shaft below this 
bound does not satisfy the stiffness requirement, but can be assigned to 
reprocessing if the missing material is re-established by additive man-
ufacturing. This is only admissible as long as the deviation is confined 
to the surface layer of approximately 100 μm, since a deeper material 
deposition would introduce excessive heat into the component during 
reprocessing. Otherwise, the shaft can no longer be reconditioned and 
is assigned to recycling. From a purely functional perspective, no upper 
bound on the diameter exists, as higher stiffness is not detrimental. 
However, an assembly-related upper bound results from the assembly 
fit with the NRB, and an increasing diameter is also expected to affect 
long-term reliability, which remains subject to future investigation.

With respect to surface damage, the experimental results suggest 
a threshold-type behavior for axial scratches. Shallow scratches up to 
approximately 𝑆𝐷 = 10 μm remain within the system-level variability 
and cannot be reliably distinguished from the undamaged reference, 
while deeper scratches in the order of 𝑆𝐷 = 20 μm produce a clear and 
consistent increase across all vibration metrics. A maximum admissible 
scratch depth for direct reuse can therefore be defined around 𝑆𝐷 =
10 μm. Whether shafts exceeding this admissible depth can be returned 
into the tolerance region by subtractive and subsequent additive re-
processing, or whether the damage is too severe and the shaft must be 
recycled, depends on the transition between reprocessing and recycling. 
The precise location of this transition, in particular for a single deep 
scratch, is not yet quantified within the present data and remains 
subject to future investigation.

Overall, this instantiates the functionally derived tolerance region 
of Fig.  1 for the spindle shaft. Each shaft is assigned to direct reuse, 
reprocessing, or recycling depending on whether its embodiment state 
in the form of diameter and scratch depth lies within the functional 
region, can be shifted into it, or lies beyond the reach of the available 
reprocessing operations.
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5. Discussion

Through the proposed approach and the subsequent case study, the 
research question How can the superimposed embodiment of a component 
be described in a way that enables systematic quantification of its impact on 
functional behavior for decision-making in circular manufacturing systems?
can be answered as follows:

The UED is established as a basis for decision-making in circular 
manufacturing systems by systematically combining embodiment de-
scription approaches from design, manufacturing, and degradation. It 
is structured into two coupled layers that capture and relate lifecycle-
induced effects and is constructed through a supporting UED method. 
On this basis, the functionally derived tolerance regions turn the as-
signment of R-strategies into an explicit and reproducible decision rule 
rather than a qualitative judgment, as demonstrated for the spindle 
shaft in the case study.

5.1. The UED and its supporting UED method

As a representation, the UED enables a structured description of 
the individually degraded embodiment of a component. Its first layer, 
the unified characteristic space, is not fixed in advance but adapted 
and extended according to the occurring manifestation of degradation. 
Its second layer relates these characteristics to functional behavior, so 
that the admissible values of a characteristic follow from the functional 
requirements rather than from the nominal specification of the com-
ponent type. The construction of the UED is operationalized by the 
supporting UED method, which derives the corresponding tolerance 
regions for decision-making in circular manufacturing systems, such as 
reuse, reprocessing, or recycling of components.

Applying the UED to the spindle shaft case study reveals properties 
of the representation and its supporting method that only become 
apparent in a real application. A first strength concerns the adaptivity 
of the description, as degradation can alter the structure of the em-
bodiment description itself. Continuous phenomena such as polishing 
wear are represented within existing characteristics, plastic deforma-
tion requires adaptation of existing ones, and discrete patterns such as 
scratches necessitate the introduction of entirely new characteristics. A 
second strength is the sensitivity of the resulting tolerance regions, as 
small geometric variations can have a significant impact on functional 
behavior in high-performance systems such as bearing interfaces. The 
case study further indicates that the impact of individual characteristics 
cannot always be interpreted independently, as combinations such 
as scratch angle and depth may influence the system behavior in a 
coupled manner. Interaction effects therefore have to be considered 
when establishing embodiment-function relations. At the same time, 
the application reveals two challenges. The first concerns the effort 
of the method, which varies considerably across steps and depends 
strongly on the availability of technical documentation, manufacturing 
data, and suitable measurement and testing environments. The second 
challenge concerns the definition of appropriate descriptors for degra-
dation features, which requires expert knowledge and may influence 
the resulting embodiment-function relations. For example, it remains 
unclear whether a scratch should be described by parameters such as 
angle, length, width, and depth, or by aggregated measures such as 
area or volume. The difficulty intensifies where multiple degradation 
patterns overlap within the same region, so that a clear and unambigu-
ous description could not always be established. This is consistent with 
findings in the literature that subtractive reprocessing is often required 
to restore a well-defined embodiment state before further evaluation 
[56].
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5.2. Positioning and limitations

Compared against the approaches listed in Table  1, the specific 
contribution of the UED lies in the elements it adopts from each of 
them and in what it adds. The unified characteristic space in the 
first layer builds on the formulation of embodiment in engineering 
design and manufacturing, where GPS [16] and its extensions such 
as GeoSpelling [18] define characteristics for nominal geometry and 
manufacturing-induced variations. The UED adopts this formulation 
but extends it toward degradation, where the set of relevant charac-
teristics is not known in advance and therefore cannot be fixed at 
design time. For the detection and quantification of degradation, the 
UED draws on vision-based condition monitoring [27], but expresses 
the resulting observations as embodiment characteristics within the 
same formulation instead of introducing them as ad-hoc descriptors for 
isolated local defects. The introduction of artificial damage is likewise 
employed not as an end in itself but as a means to realize defined 
embodiment states for testing, whose results are embedded into the 
unified characteristic space rather than remaining single-mechanism 
observations. The characteristic space thereby becomes adaptive rather 
than fixed. In parameter-based models, the factor space is defined over 
the design variables of the nominal component, so that integrating 
degradation would require each pattern and feature to be introduced 
as an additional dimension. By structuring the characteristics into 
three categories and their interrelations, the UED supports these oth-
erwise implicit decisions and makes degradation-induced dimensions 
accessible to such evaluations.

The second layer, the functionally derived tolerance regions, draws 
on conceptual frameworks such as the function-behavior-state modeler, 
which establishes the relation between embodiment and functional 
behavior on the level of attributes and states [34]. The UED adopts this 
perspective but quantifies the relation for the measured embodiment 
of an individual component. Condition monitoring likewise assesses 
individual components, yet infers their state from measured signals 
[47], whereas the UED derives functional behavior from the described 
embodiment and thereby indicates which characteristics have to be 
addressed by a reprocessing operation. A tolerance region corresponds 
to a solution space [42], as it delimits the region of characteristic values 
for which the required functional behavior is achieved. The assignment 
of R-strategies follows a margin-based logic [44], as it is determined by 
the distance between the embodiment state of an individual component 
and the boundary of this region. The UED thereby transfers the notions 
of admissible spaces and margins from the prospective design of a 
component type to the state-dependent evaluation of an individual, 
already degraded component. Beyond the two layers, the UED specifies 
which characteristics are functionally relevant and how they relate 
to functional behavior, which integrating architectures such as the 
digital twin leave open [50]. It therefore complements them rather than 
competing with them, while the acquisition, storage, and integration of 
the required data across the lifecycle remain a task for the surrounding 
information architecture.

Overall, the UED can be interpreted as a bridging approach that 
connects design-oriented, manufacturing-oriented, and degradation-
oriented embodiment descriptions. While the approach is designed to 
be generalizable, its applicability to other components and systems with 
different functional mechanisms requires further validation, as the case 
study is limited to the specific component of an angle grinder spindle 
shaft and its functional principle. The case study also focuses deliber-
ately on geometric characteristics, although material properties such 
as hardness or residual stresses can be incorporated through the same 
structuring principle. In addition, since the UED method has so far only 
been applied by its developers, no insights into how it is understood 
by other design engineers or researchers could yet be derived. The 
identification and quantification of functionally relevant characteristics 
could be further supported by integrating established approaches such 
as the contact and channel approach [9] or DoE screening [37]. The 
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quantification of embodiment-function relations is furthermore based 
on a limited parameter space and controlled experimental conditions, 
and real-world applications may involve more complex interactions 
and variability from which new challenges may emerge. Finally, the 
application of the UED in this work is restricted to manual evaluation 
of functional behavior and the derivation of corresponding tolerance re-
gions. The linkage to automated design decision-making, which would 
be necessary for scalable use in operational circular factories, was not 
the focus of this case study and requires further investigation.

5.3. Implications for circular manufacturing systems

The UED has significant implications for how decisions are prepared 
and processes are designed in circular manufacturing systems. For diag-
nostics, it enables a more comprehensive and structured assessment of 
used components. Instead of relying on isolated measurements or defect 
detection [23,24], multiple characteristics and their interactions can be 
considered simultaneously, allowing a more accurate identification of 
degradation states and their potential impact on functional behavior.

For reprocessing, the UED enables a shift from constraint-driven 
restoration to function-oriented modification. Since the influence of in-
dividual characteristics on functional behavior is quantified, reprocess-
ing strategies can be tailored to achieve specific functional targets. This 
includes not only restoring nominal conditions but also intentionally 
modifying nominal characteristics, for example by adjusting diameters 
or surface properties, to improve performance or adapt components 
to new product generations, thereby enabling ‘‘perpetual innovative 
products’’ [3].

For design, the results provide a basis for developing more robust 
and circularity-oriented products. By identifying which embodiment 
characteristics are functionally relevant and how they interact, design 
engineers can derive targeted measures to reduce sensitivity to degrada-
tion or to enable more effective reprocessing. Overall, the UED supports 
a transition toward systematic, function-oriented evaluation, which is 
essential for the implementation of circular manufacturing systems.

6. Conclusion and outlook

Decision-making in circular manufacturing systems requires a con-
sistent description of embodiment states that goes beyond the nominal 
design characteristics of linear production. This paper introduced the 
UED as a two-layered, state-dependent representation of mechanical 
components, supported by the UED method that guides its systematic 
development. The UED integrates design, manufacturing, and degra-
dation perspectives into a unified characteristic space that adapts and 
extends as new lifecycle effects emerge. It further links the resulting em-
bodiment characteristics to the functional behavior of the surrounding 
subsystem through functionally derived tolerance regions.

The case study on an angle grinder spindle shaft demonstrated the 
construction of the UED in a representative circular manufacturing 
scenario. The degradation patterns polishing wear, plastic deformation, 
and scratches were quantified against a statistical manufacturing base-
line and embedded into the unified characteristic space, where existing 
nominal characteristics either remained sufficient, required adaptation, 
or had to be complemented by new spatially localized descriptors. 
Degradation therefore acts as a structural driver of the characteristic 
space rather than as a mere deviation within a fixed parameter set. 
The subsequent quantification of embodiment-function relations on 
a dedicated test bench translated this description into functionally 
derived tolerance regions, which enable data-driven decisions on reuse, 
reprocessing, and recycling as well as design adaptations across product 
generations and manufacturers.

Future research should reduce the reliance on expert judgment in 
the definition of degradation descriptors, for example through struc-
tured screening approaches or data-driven descriptor selection, and 
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address the treatment of interacting or spatially overlapping degra-
dation mechanisms. A further direction is the linkage to automated 
decision-making, which requires the transfer of the UED from a con-
ceptual construct into a formally specified and machine-interpretable 
representation. An integrated product ontology provides a foundation 
for this transfer, as it formalizes the cross-generational description 
of embodiment characteristics, degradation states, and technical re-
quirements [57]. A further challenge arises from the distribution of 
the required data across manufacturers, operators, and reprocessing 
sites, which approaches such as federated learning address by training 
models across distributed sources without exchanging the underlying 
data [58]. Finally, the scalability of the UED to component classes 
and functional principles beyond rotational machine elements should 
be investigated, including its application by engineers outside the 
developing team.

Overall, the UED provides a foundation for moving from static to 
state-dependent embodiment representations. By enabling a consistent 
link between the physical state of components and the functional 
behavior of the corresponding subsystem, it is an enabling element 
for the operation of circular manufacturing systems, in which value 
retention and product innovation can be reconciled through informed, 
function-oriented decisions at the level of individual components.
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