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Abstract
Product prototypes and particularly those that are 3D printed will have mass properties that
are significantly different from the product they represent. This affects both functional
performance and stakeholder perception of the prototype.Within this work, computational
emulation of mass properties for a primitive object (a cube) is considered, developing a
baseline numerical method and parameter set with the aim of demonstrating the means of
improving feel in 3D printed prototypes. The method is then applied and tuned for three
case study products – a games controller, a hand drill and a laser pointer – demonstrating
that product mass properties could be numerically emulated to within ~1% of the target
values. This was achieved using typical material extrusion technology with no physical or
process modification. It was observed that emulation accuracy is dependent on the relative
offset of the centre of mass from the geometric centre. A sensitivity analysis is further
undertaken to demonstrate that product-specific parameters can be beneficial. With tuning
of these values, and with some neglect of practical limitations, emulation accuracy as high as
~99.8% can be achieved. This was shown to be a reduction in error of up to 99.6% relative to
a conventional fabrication.
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1. Introduction
Prototypes are a critical part of the design process (Ullman 2010; Camburn et al.
2017), often considered crucial to the success of product development. They
provide insight into how a product may look, function or otherwise exist
(Houde & Hill 1997), and can be created in either the virtual or the physical
domain or a combination thereof (Gibson, Gao & Campbell 2004). This is
summarised by Houde & Hill (1997), who give one of the broadest definitions in
literature, saying, “We define a prototype as any representation of a design idea –
regardless of medium”. As such, a prototype may take a wide variety of forms, and
it is generally up to the designer to identify the prototyping objective and thereby
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an appropriate prototype form. To do this, several aspects are considered, includ-
ing the following:

• Purpose – What information should be developed through the prototyping
activity?

• Design stage – How developed is the product?
• Fidelity (or precision) –How similar should the prototype be to the as-designed
product?

• Construction –What resources are available for the fabrication of the prototype?

Several authors have highlighted the importance of understanding the purpose of
a prototype. For example, Houde and Hill (1997) define four primary purposes:
“Look and Feel”, “Role”, “Implementation” and “Integrated” prototypes. Each of
these matches very similarly to the categories proposed by Buchenau and Suri
(2000) – looks-like, behaves-like and works-like, respectively, with integrated
prototypes being a combination of these. Of note is the lack of reference to the
“feel” of the prototype in the latter work (Buchenau & Suri 2000). This is in
contrast to Houde and Hill and several others, including Ulrich & Eppinger
(2016), who consider the physicality of prototypes as a key factor (Ulrich &
Eppinger 2016). This said, there is argument for “behaves-like” prototypes to
consider part of the feel of a prototype, with this being a broad term covering
aspects such as surface finish, mass properties, materials, temperature in oper-
ation and ergonomics.

Similarly, the stage of design is considered in literature and regarded as an
important constraint on prototypes heavily influencing the type of prototype that
should be produced (Ullman 2010). In accord, this impacts the level of fidelity of
the prototype – that is how closely the prototype should match the designed
product – and which heavily impacts how the prototype is perceived (Sauer &
Sonderegger 2009; Lauff, Kotys-Schwartz & Rentschler 2017; Mathias et al.
2019). High-fidelity prototypes are those that represent the aspects previously
discussed to a higher degree (e.g., more representative looks, feel, behaviour and
implementation).

To achieve the desired prototype, it must be constructed, either virtually or
physically. Although there are benefits to prototypes developed in each of the
physical and virtual domains, it is generally accepted that physical prototypes offer
a tangibility that cannot be (currently) achieved using virtual prototypes (Wiethoff
et al. 2013; Hamon et al. 2014; Donati & Vignoli 2015). Other aspects, including
visual aspects and functional analysis can be achieved more readily in the virtual
domain. As such, tangible aspects of design are likely to be the focus of many
physical prototypes, which allow users to understand a product’s “feel” (Deininger
et al. 2019).

Physical prototypes can be made in many ways. Appropriate fabrication
methods range from cardboard and junk modelling, to advanced computer-
controlled machining – and several others in-between (Hallgrimsson 2012;
Mathias et al. 2018). Each of these has its own advantages and disadvantages
which must be considered by a designer when choosing their prototyping strategy.
For example, junk modelling can provide a low-fidelity or low-detail understand-
ing of what a product may look like at relatively low cost and time investment,
whilst computer-controlledmachining can give amuch higher detail and fidelity of
understanding but at much greater cost.
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In industry, one notable example (amongst many) of prototype use and
development is that of Dyson, who use a range of prototype fabrication methods.
In one example, a vacuum cleaner prototype was developed using prototypes
initially made from cardboard and junk, through advanced manufacture of
plastic and internal components for testing (Felton, Yon &Hicks 2020). Notably,
more recent prototypes have started to incorporate additively manufactured
components.

Additive Manufacturing (AM) reduces the effort required to move from the
virtual to the physical domain (Gibson et al. 2004), with available effort a common
source of tension in design processes (Goudswaard et al. 2022). Although AM is
beginning to be used for small-to-medium scale production, the majority of its use
(>50%) is in 3D printing during the early stages of product development (Sculpteo
2021), where over 70% of designers have access to in-house Material Extrusion
(MEX) facilities. The use of the technology for prototyping is wide-spread in
literature (Bassoli et al. 2012; Manoharan et al. 2013). Given their prevalence,
the focus of this research is on thermoplastic-based MEX technology.

The fabrication time for a part produced via the MEX process is principally
dependent upon the deposition rate and volume of deposited material. Although
other factors such as deposition head travel also have an effect, this is generally
smaller. To reduce process time, low-infill-density patterns are encouraged –

typically 10% to 30% (Luzanin et al. 2017). For large print volumes this can
significantly reduce fabrication time, material costs and energy but at the expense
of mechanical and functional properties. As a consequence, the effect of infill
density has been extensively researched. This includes the impact on mechanical
properties (Lanzotti et al. 2015; Melenka et al. 2015; Villacres, Nobes & Ayranci
2018; Goudswaard, Hicks & Nassehi 2020; Schmitt, Mehta & Kim 2020) and
optimisation for given applications (such as automotive (Schmitt et al. 2020)).
To date, the targeting of specific mass properties in MEX fabrication (including
through changing the infill density) has had little attention outside of minimising
infill for mass reduction.

It is generally accepted that mass properties – mass, balance and rotational
inertia (RI) – influence a user’s perception of a prototype (Felton et al. 2020),
affecting the “feels-like” nature of prototypes. Further, it has been shown that a
user’s performance changes depending upon the mass properties of the equipment
used (e.g. in sport (Mitchell, Jones & King 2000; Nathan 2003; Cross & Bower
2006). As such, if a product prototype is created for the purpose of user interaction,
an accurate representation of mass properties must be considered. However, the
authors have not been able to identify any work that looks at promoting the
fabrication of prototypes with representative mass properties using otherwise
low-fidelity models. This is problematic, as many of these models are able to take
an accurate form, thus leading to inconsistencies in how a product may feel during
user interaction – that is looks like but does not feel like when interacted with. This
is particularly true for MEX parts, which generally feature very good geometric
accuracy but poor mass property representation. Three primary factors affect the
representation of product mass properties within an MEX prototype:

1. The use of low-density infill to speed up fabrication, which heavily influences
overall mass but is rarely the reason a particular infill density is selected.
Additionally, current infill design methods do not consider the distribution
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of mass through a product, with most approximating to a near-homogenous
structure.

2. The use of thermoplastics (which are still dominant in most sectors), such as
PLA, ABS or PETG, rather than the intended material. This is principally
because thermoplastic fabrication is much cheaper but comes at the penalty
of the feel because the “as-designed” material is not used. For example, the
material density, thermal conductivity and hardness discrepancies (amongst
others) between steel and PLAwill cause a user to perceive these differently. For
the remainder of this article the authors use “as-designed” to denote the current
embodiment of a design and its properties if it were manufactured.

3. The absence of internal components and/or geometry means that the internal
structure’s mass distribution is unrepresentative of the as-designed product.
Simplification of internal geometry is often performed, especially in early-stage
prototyping where the information about the prototype may be incomplete or
abstract.

The authors note that many othermachine and process factors (Afonso et al. 2021)
will affect the precision and repeatability of mass property representation. How-
ever, many of these can be mitigated through careful control of the MEX process
and/or software parameter adjustments. Further, their effect is second or third
order compared to the as-designed versus 3D printed mass properties.

2. Research contribution
Given the importance of mass properties for consumer products and the preva-
lence of MEX for prototyping, it can be asserted that methods to improve mass
property representation within MEX prototypes are needed. This would allow
higher fidelity prototypes to be fabricated more readily in earlier design stages with
minimal additional resource required. Through doing so, the design process can be
accelerated through identification of issues related to the feel frommass properties
earlier, and at a time of lower sunken cost.

This article presents the development of a numerical methodology for emula-
tion (herein used to refer to imitation) of the as-designed mass properties of
consumer products in MEX prototypes. It is recognised, however, that the effect
on the user should be minimised to ensure MEX retains its advantages as a
prototype fabricationmethod. As such, control of the infill composition – referring
to the infill structure and deposition material – is investigated. This, along with the
developmentmethodology, process outline and results, is discussed throughout the
rest of this article. The overall contribution aims to be a method through which a
user may numerically emulate a product’s mass properties ready for physical
fabrication through MEX. This would be a first-of-its-kind approach.

3. An objective function for emulating mass properties
Emulating mass properties is not as straightforward as matching overall mass.
Rather, mass properties, including overall mass, balance and RI, must be emu-
lated and the relative importance may not be equal. It is therefore necessary to
consider all these aspects in the development of the objective function for mass
property emulation. Previous work has evaluated and discussed this (Mitchell
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et al. 2000; Nathan 2003; Cross & Bower 2006; Felton et al. 2020), demonstrating
the following:

1. Principal RI can generally be neglected, with other factors dominating the
perceived RI of a product (Felton 2022).

2. Mass and mass balance are both perceived by users and should be considered.

Given these findings and the types of case considered (consumer artefacts), RI was
not included in the objective function. The objective function was instead formed
such that it consideredmass andmass balance – taken as the Centre ofMass (CoM)
position – alone. As such, the objective function can be defined as follows:

Obj:Function¼ am+ bCx + dCy + eCz

Equation 1 – Objective Function definition. M is the mass error and C the error
in each respective axis.

Where a, b, d and e are set such that the mass property terms can be considered
normalised. Correspondingly, a 1% change in mass is equivalent to a 1% error in
the CoM position in each axis relative to the product’s dimension along the axis.
The applicability of this weighting may differ based on the use case but was
considered appropriate for the development and demonstration of capability.

4. Methodology development
As previously stated, control of the infill composition provides the basis for mass
emulation. The feasibility of this approach was verified via some simple mass
calculations for a range of consumer goods. This demonstrated that the mass of
these products could be achieved through the deposition of commercially available
filaments. In addition, the increasing availability of multi-material printers allows
for the deposition of two or more materials with distinctly different densities,
allowing greater control over mass properties (distribution). Hence, minimal
additional input from the designer and/or modification of the fabrication process
would be required. This ensures the hypothetical ease of use and accessibility of the
method.

The emulation methodology was intended to fit between the current design
(e.g. CAD) and “slice” processes within the MEX pre-process workflow. This
meant that virtual representations of form were available, though the method of
definition may be variable. To overcome this, the method used Ansys Mechanical
to generate a finite volume mesh that defined the product’s geometry. CHEXA
elements were used due to their relative uniformity whilst, through small manipu-
lations, ensuring smoother geometric representation than would be available with
a similarly sized voxel mesh. Mesh quality was verified within the Ansys software.
For the purposes of this work, it was not thought necessary to blend CHEXA
elements with alternative formats (for example, CPENTA, CTETRA) that allowed
for a more geometrically accurate shell definition. This was primarily because the
inaccuracies in shell definition would result in only small volume discrepancies
averaged over the part. Future work may investigate how the shell – which should
remain a solid surface – can bemore robustlymodelled for the purposes of physical
fabrication. This may include considering the shell separately from the infill (with
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themass effect of the shell considered as a constant). For this work a unit cell width,
solid shell was identified and used for simplicity, shown in Figure 1.

The finite volume mesh was then fed into bespoke code written in Python 3.8
(Python Software Foundation 2019), with open-source dependencies Numpy
(Harris et al. 2020) and SciPy (Virtanen et al. 2020). This code carried out a
directed optimisation approach which leveraged solution space knowledge. Local
and global optimisation methods were tested, but inefficiencies caused by local
minima, the large number of cells and the central limit theorem meant that these
methods were unfeasible without modification. The result from the directed
approach (see Section 4.1) generated an infill composition with a cellwise density
– and therefore deposition – definition. To get to this stage, factors affecting the
manufacturability and numerical performance of the emulation were considered.

The first consideration was whether continuous or discrete cellwise infill
densities were used. It was decided that discrete density options should be used
for two reasons. The first was that generating a support structure within the infill –
to provide confidence that all layers were adequately supported – would be easier
with a consistent minimum deposition. The second considered the numerical
performance associated with each option; with which it can be demonstrated that
two discrete results at opposite ends of a range will provide a more diverse set of
results than a continuous distribution. For this reason, the terms high-density cell
and low-density cell are used. In these instances, a high-density cell refers to mesh
cells that have had the increased infill density (solid) and, where applicable,
increased material density applied to them. Conversely, a low-density cell is that
which is selected to use the base material (PLA in all instances) and the minimum
viable infill structure (discussed in greater depth in Section 4.3).

The directed optimisationmethod (outlined in Section 4.1) using this basis was
evaluated using an i5 9600-based desktop computer and an M1 MacBook Pro.
These processors were thought representative of most mid- to high-end computers
available on the market in 2020/21. Target runtimes were set to between 2 and
3 minutes to limit disruption to user workflow.

For initial development, a 50mm cube was used with a target mass of 125 g and
CoMposition offset from theGeometric Centre (GC) of +2.5mm in each axis. This
is herein referred to as the development case. It is recognised that the use of a

Unit cell

Shell of unit
cells

Figure 1. Example definition of part in unit cells, cut-
through to show that the shell is formed of a single layer
of unit cells.
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regular primitive may lead to certain relationships being affected by the unique
uniformity of the mesh and mass properties. While this may limit extrapolation of
results to a non-uniform mesh, advantages of this approach include the ability to
observe limitations associated with the use of primitive geometry, and to allow for
deeper understanding of the causes of errors. Where appropriate, issues associated
with the use of a cube for development are highlighted. Further mitigation is
performed via a sensitivity analysis reported in Section 5.5.

To ensure the process provides acceptable accuracy in mass property emula-
tion, investigation and characterisation of several important factors were per-
formed. Relevant controlling factors include optimisation method, infill density
and pattern, print materials, internal structure, cell size and the number of method
repetitions. These are each discussed in Sections 4.1 through 4.5, respectively.

4.1. Directed optimisation method

The directed optimisation approach employed – based on solution space know-
ledge – uses a probability distribution across the mesh body, biased by the target
CoMposition. A flowchart of this process is given in Figure 2, and the original code
is available via doi:10.5281/zenodo.8128282 https://zenodo.org/badge/latestdoi/
664349403. Figure 3 also presents the method graphically, breaking each step
down and demonstrating what is happening within the code. Initially, the method
finds the shell’s GC and desired CoM position (the position of the CoM of the
as-designed product or a position being investigated as part of the design process),
Figure 3. By using the mass and CoM offset from the GC, a target CoM for the
internal volume can be calculated, Figure 3b. This is based on balancing mass
moments around the desired CoM. A probability distribution – in this work an
exponential probability distribution – is then applied around the internal volume
target CoM position, Figure 3c, with the controlling parameters set by the required
internal volume mass. This provides each cell with a probability of having a high
density (instead of theminimum infill structure). Several iterations are then carried
out using this probability function, with each cell’s density calculated using Monte
Carlo analysis, Figure 3d. From here, the actual mass of the internal volume and
CoM can be averaged, in turn allowing the part’s CoM to be calculated,
Figure 3e. Depending on the exit conditions, the process can then finish or iterate
by updating theCoM target position of the internal volume, Figure 3f. If the process
exits, manymore iterations of the internal cell structure are generated usingMonte
Carlo analysis to find the final result.

For a user, the application of this method should have little effect on the pre-
process workflow. The only additional, manual steps for the user are to do the
following:

1. Define the targeted mass properties; and,
2. Generate a finite volume mesh.

Itmaybepossible for both steps to be integrated into a single toolchainwith extended
development (of the tool and AM file formats that may contain product data).

4.1.1. Internal volume centre of mass searching
To find the target CoM position, iterative searching was used. This had three
independent exit conditions, any one of which would cause the method to move to
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the next processing stage. These were when the overall tolerance was met, the
maximum number of iterations was reached and/or the error between iterations
was within an allowable range.

For simulationswhere themaximumnumber of iterationswasmet, the number
of iterations allowable was directly proportional to the runtime. This can be seen on
the right-hand axis of Figure 4, with each iteration taking roughly 13.5 seconds.
Model accuracy is also proportional to the maximum number of iterations. A
balance is thus required between result accuracy and runtime. For this study, a
maximum number of 8 iterations was set, with the allowable error (both absolute
and between iterations) set to 0 such that development runs were aiming for the
best result possible.

For each iteration, the CoM was estimated through the generation of cellwise
probabilities to determine each cell mass. Due to the stochastic nature of this

Figure 2. Flowchart outlining the directed optimisation approach.
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process, assessments are completed and averaged to find an internal volume CoM
for the given target and probability distribution shape parameter (β). To ensure
consistency in estimations, the CoM iterations limit was set to 5 (derived from data
presented in Figure 5 that presents process accuracy for various numbers of
iterations).

Figure 3. Directed optimisation methodology, broken down by step, to show the code function, in two
dimensions. (a) The desired centre of mass position and geometric centre are identified. (b) The target centre
of mass, to balance the geometric centre and provide the desired centre of mass position, is identified. (c) A
probability distribution is formed around the target centre of mass position, providing each cell with a
probability of having a higher density. (d) Several iterations of cell distributions (based on the prior
probability distributions) are considered, and the actual centre of masses calculated. (e) The part level centre
of mass position is found for the given iteration. (f) If the calculated iteration centre of mass for the part is out
of acceptable limits, the target centre of mass is updated, and the process iterates from step (c).
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4.1.2. Beta (β) tolerance
The probability distribution applied to the internal volume was chosen to be
exponential (the shape controlled by shape parameter β). This distribution was
chosen such that significant bias could be assigned to cells close to the target CoM
when generating cellwise densities.

Using the scipy “minimize_scalar” bounded (Brent)method, the solution space
is explored and returns a value for β that provides a suitable approximation for the
number of high-density cells within the internal volume (relative to the required
number). The smaller the allowable difference between the actual number and
required number of higher-density cells – herein referred to as the β tolerance – the
longer the runtime. As such, a value was sought to provide a balance between
emulation accuracy and runtime. To investigate this, a range of β tolerances was
investigated (Figure 6), which confirmed the relationship between runtime and β
tolerance.

Overall, it can be asserted that increasing the β tolerance increases the objective
function value. However, Figure 6 also demonstrates the relationship is inconsist-
ent.

Prior to considering these behaviours, the application of the probability func-
tion should be understood. The function provides probability values for a con-
tinuous distribution of inputs with no limit. As a cell can be any distance from the
target CoM (the input), a continuous probability distribution is required. However,
the process uses a discrete mesh which, although dependent on the intricacy of
product form, results in a high level of uniformity. As such, cells can be affected by
the exponential distribution in clusters, depending on the target CoM position and
β tolerance value used.

It is possible for the optimisation method to return a β value that is associated
with a smaller difference than the stated maximum tolerance. It is contended that
this was the cause of the large increases in objective function value between 5 and
11 and 12 and 14, and reduction after 25 (c.f. Figure 6). This is because, in
conjunction with the effect of the discrete mesh above, it was possible for clusters
of cells to be simultaneously affected by a small change in β. Additionally, due to the
uniformity of the mesh that defines the cube, this effect may be exaggerated –

especially in the case of a target CoM with consistent offsets in each axis.
The use of lower β tolerances – here observably less than 5 – reduced the overall

objective function value consistently. As such, for the remainder of this work, a β
tolerance of 4 is used as the best compromise between runtime and process
accuracy.

It should be noted that the work here used a range of β values between 1 and
1000. For niche applications – particularly those where the internal CoM requires a
large relative offset from the GC – the upper bound may need to be increased. It
may be possible to achieve runtime improvements by changing the bounds, though
this has not been considered within this work.

4.2. Materials

Themost widely usedmaterial forMEX fabrication is PLA and as such has become
the de facto standard for quality, cost, processing and availability. Consequently,
PLA is used herein as the primary material. Work was completed to understand
how changing the density of the secondary printmaterial affected the results. To do
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this, the termmaterial density ratio (MDR) was defined, which was the ratio of the
secondary printmaterial density relative to the primary printmaterial density (that
is that of PLA).

MDRs between 1 and 9 times that of PLA were considered as this represented
the extremes, i.e., lead. MDRs of less than 1 were considered out of scope of this
work, though there may be real-world examples that require this. Extension to
include these should be possible if appropriate materials are available. The results
of this study are shown in Figure 7.

Figure 7 shows that for MDRs up to ~2.75, the CoM components (averaged)
dominate the mass result. This is to be expected as mass cannot be localised as
effectively with lower-density materials. Themass target can still bemet as the total
volume available is large enough to contain the required mass.

A consistent, minimum cost is reached at an MDR of ~3. At this point a
compromise is reached where the maximum cell density is sufficient to move the
CoM close to the target point whilst retaining a large enough number of high-
density cells to precisely control the CoM position. ForMDR values above this, the
variability in mass increases significantly. It was thought this was because each
high-density cell now had a relative greater effect on the mass property of the
product. The issues associated with this are two-fold; firstly, the precision with
which the product mass and CoM position can be controlled is reduced, and
secondly, the stochastic nature of the method means that a change in a small
number of cells has a greater impact on the result. As such, it was contended that an
MDR between ~2.5 and 4 would be most advantageous for the method.

For the remainder of this article, copper-infused PLA is used as the secondary
material. This material has an MDR of 2.75 (RS Components 2021), close to the
aforementioned optimum. Testing was completed to ensure the materials could be

Figure 4. Effect of changing the maximum number of CoM search iterations on runtime and objective
function value.

11/34

https://doi.org/10.1017/dsj.2023.18 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2023.18


reliably printed together, with no issues observed. To reliably print metal-infused
filaments such as this, a hardened nozzle would be required. This was not thought
to be a significant limitation, with many first- and third-party hardened nozzles
available for printers such as the Prusa i3 and Ultimaker 3.

4.3. Internal structure

To allow volumes of higher-density material to be printed, a supporting infill
structure was needed. Although this could simply be reduced to a homogenous
percentage infill density and pattern, available in most slicers already, this
approach gives rise to three potential issues:

1. the infill pattern may not be evenly distributed throughout the cells;
2. the infill density may need to be large to provide sufficient support to every cell,

especially when using small cells; and,
3. print path planning complexity would increase when slicing, with the starting

point for a high-density cell, as well as the print directions, differing for each cell
depending on where the support is located.

To overcome the issues associated with using a homogenous infill pattern, a cell-
based infill structure – where every cell has a consistent minimum structure – was
investigated.

Before considering various support structures, the effect of relative minimum
cell density on objective function value was investigated. This is illustrated in
Figure 8, with objective function value increasing with increasing minimum
relative cell density. It should be noted that the relative minimum cell density
was assumed to be directly related to the relative maximum cell density, as the

Figure 5. CoM variability vs number of iterations for given beta. The box represents the interquartile range
(IQR), with the inside line the median. The whiskers represent 1.5 times the IQR, with the outliers marked.
The mean is shown as an “x”.
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high-density cell structure would be printed around the minimum structure. This
was done to improve theoretical print times, slicing process efficiency and print
quality by using a single material for the base structure.

As the proportion of product volume thatmust be filled with PLA increases, the
minimum mass must increase. Further, as the higher-density material can no
longer fill as much of the product volume, the maximum mass must decrease.
Therefore, the achievable mass envelope of the method decreases with increasing
relative minimum cell density. CoM position is similarly affected. The main cause
of this is the increased effective mass at the GC of the product. Additionally, the
difference between themaximum andminimum cell mass reduces, further increas-
ing the number of high-density cells required. As such, the objective function value
increases. The variability betweenMonte Carlo optimisation (MCO) iterations, for
both mass and CoM position, would lessen due to the reduced effect of individual
cells.

The design of the internal structure was therefore an important consideration
to ensure that the minimum material could be deposited per cell whilst ensuring
sufficient support was provided. Several infill designs were considered – presented
in Figure 9c. Each of the proposed structures was intended to provide varying levels
of support that were proportional to the volume of material deposited whilst trying
to minimise the volume of support structure that was used.

The absolute support provided, and material volume, was dependent upon cell
and nozzle sizes. For this work, the cells were assumed to be perfect cubes with two
faces aligned to the z-axis, and the nozzle size assumed to be 0.4 mm. Slicer and
print settings were otherwise left as the default from Ultimaker Cura. Figure 9a
shows the change in minimum relative cell density for each infill structure and
varying cell sizes. The single-edge design –where a single track of material running
along a cell’s edge is shared by the adjoining cells – was the most appropriate for

Figure 6. β tolerance against objective function value and runtime.
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minimising the relative minimum cell density. However, it was recognised that it
was also the most challenging with regards to reliably printing the solid cells due to
each cell having the least support.

To understand how each infill structure would support the high-density cells,
several test pieces were printed for a range of cell sizes (1, 2, 3 mm – referring to
their length in each of the orthogonal axes). The test pieces featured a minimal
example of the PLA deposition of the support structure with a singular and two
adjacent high-density cells. This structure assumed the use of cubic cells as would
be the target output from the mesh. Images of each of these prints are shown in
Figure 9b. The fabrication process demonstrated that the first unsupported layer
dropped by up to ~1 cell size before recovering the remaining layers for all designs.
This is equivalent to ~0.002 g of incorrectly deposited material – with the effect
reduced when adjacent high-density cells were printed along the z-axis. As such,
the shared single-edge design was used.

Although using the shared-edge infill design would not ensure that mass
distribution was kept consistent for each cell (due to inconsistent cell edges having
material deposited), the distribution was consistent when considering two cells
together, averaging out over the internal volume. Additionally, the mass contained
in each of the low-density cells was thought small enough that the effect on result
accuracy was negligible.

4.4. Cell size

Cell size inherently affects result accuracy and runtime. To investigate and quantify
this effect, the emulation method was applied to a range of mesh densities for the

Figure7.Objective function value, broken down into themass component and averageCoMcomponent, for a
range of material combinations. The secondary material density ratio is relative to PLA.
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development case. These results are presented in Figure 10. The figure demon-
strates that the emulation result reaches an optimum when using the mesh with
2 mm cells. To explain this, two effects must be understood; the increased
variability of the process when using larger cells (as each cell affects the calculation
more significantly) and the increase in relative minimum cell density when using
smaller cells. As such, a compromise is required. Process runtime must also be
considered, with a cubic relationship between the cell size and process runtime.
Although a time saving could be found in using smaller cells (due to the reduction
in the required number of MCO iterations), the required extra computation in the
remainder of the code outweighs this effect. It is therefore advantageous to use
larger cells for process efficiency.

For process baseline verification and validation, amesh density of ~1.4mmwas
used as this provided an acceptable runtime (2 to 3 minutes) and consistent,
accurate results. This translated to ~46,600 cells. Based on this work, it may have
been suitable to increase the cell size used to ~2 mm to slightly improve the
emulation result and runtime. However, the improvement in variability was
considered preferable for development purposes. For future applications of the
process, it is recommended that cell sizes of between 1.2 and 2 mm are used,
depending on the part scale, nozzle size, material combinations and available
computational resource/runtime.

4.5. Monte Carlo optimisation

In general, completing a greater number of MCO iterations improves the result
whilst increasing runtime. The results presented in Figure 11 used 10,000 samples
for various numbers of iterations, from an overall sample of 50,000 results. Using

Figure 8. The effect of changing relative minimum density on objective function value.

15/34

https://doi.org/10.1017/dsj.2023.18 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2023.18


this figure, it is possible to demonstrate that the median result – and total range of
results – decreases with increasing MCO iterations. It can also be seen that the
interquartile range of the results for 10, 25, 50 or 100 iterations is relatively
consistent (between 0.31 and 0.44).

For the development of the method, 25 iterations were used in theMCO. This
was applied to allow more data points to be investigated for the same computa-
tional time when compared to running a larger number ofMCO iterations. As the
aim of this study is to establish trends rather than absolute result values, this was
deemed suitable. For final product emulation results, a larger number of iter-
ations may be appropriate depending on the time available and the required
accuracy of result.

Figure 9. (a) Relative minimum density for the proposed infill structure designs, (b) Test prints showing the
effect on overhangs when using the proposed infill structures for different cell sizes (printed with PLA and
copper-infused PLA) (c) Investigated infill structures to achieve minimum deposition volume and required
support.
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5. Case studies
This section applies the methodology to three case study products (A to C). The
results are first compared to those obtained via a conventional fabrication process,
prior to conducting a sensitivity analysis aimed at tuning the method for each case.

5.1. Prototypical consumer products

The products selected are high-volume handheld devices that require high levels of
human motor control for interaction. Further, they are of a size that can be
fabricated on a typical desktop MEX printer. Machines of this size – both single-
and multi-material capable – are becoming increasingly common (Vaezi et al.
2013) in both hobbyist and industrial settings, with units such as the Ultimaker S3
and Prusa i3 meeting this specification (Ultimaker 2020; Prusa Research 2021).
These machines typically use 0.4 mm nozzles, and this was presumed throughout
the development of the process. The products are presented with volumetric and
mass properties in Figure 12. Their mass properties were found through the use of
weighing scales, custom tooling to align axes and a trifilar suspension system
(du Bois, Lieven & Adhikari 2009). The CoM of case study B (the electric hand
drill) was offset in the y- and z-axes to represent investigation into the use of an
alternative battery – thought a viable use case for the technology. The values
presented were used in all cases. Model geometry was either modelled (case A)
or taken from a structured light scan of the original product (cases B and C).

5.2. Conventional 3D printing

To evaluate the proposed method, a set of results were generated using a conven-
tional 3D printing process. To do this, the products were assumed to have a 1.2mm

Figure 10. The effect of mesh density/cell size on objective function value and runtime.
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shell and 20% infill density (as per the default settings in Ultimaker Cura). The
results from this work are presented in Table 1, with results for each mass property
being given relative to the intended value. The CoM position errors are relative to
the length (overall dimension) of the product in the respective axis. These are
equivalent to the objective function terms (see equation 1).

5.3. Method setup

For the case studies, the parameters defined in Section 4were used – specified at the
end of the respective subsections. Cell sizes were determined for each case using the
Ansys mech generator. The target value for mesh size was 45,000 giving 45,328,
44,999 and 45,447 for cases A to C, respectively.

5.4. Initial results

The results for the cases with meshes of ~45,000 cells are shown in Table 1, with
results for eachmass property being given relative to the intended value (results for
the tuned process are indicated with an asterisk (*). The results demonstrate that
the emulation process has been effective, reducing the objective function value for
all products relative to the 20% infill PLA baseline in Table 1. Further, the error in
mass property has only been increased for CoM position accuracy in x and z for
Case A, and y for Case C, with these errors only increasing by 0.1%, 0.1% and 0.4%,
respectively. Even the rotational inertia, terms (not considered by the objective
function) were found to improve –with the average absolute error decreasing from
71.1% to 47.4% (averaged over the three cases and axes).

Case C demonstrates the lowest relative improvement in objective function
value (55.7%), whilst case A exhibited the greatest relative improvement (98.5%).
The twomain reasons for the error observed in case C were related to the product’s
CoM position in the y- and z-axes, both of which required large deviations in the
CoM from the GC. These mass distributions are shown in Figure 13.

The distribution for case C confirms the result from Table 1 and highlights that
it is not possible to achieve the desired CoM position using the baseline process

Table 1. Objective function value and relative mass properties for each case (with respect to actual
product properties) for conventional 3D printed fabrications and after emulation (marked*)

Case
Objective

function value
Mass

error (%)

Centre of mass
position error Rotational inertia error Runtime/s

x (%) y (%) z (%) xx (%) yy (%) zz (%)
Intel i5
9600

Apple
M1

A 52.8 �49.6 �0.3 �2.7 0.3 �87.6 �38.0 �67.7

B 92.9 �74.2 0.2 �3.7 14.2 �77.5 �77.6 �74.7
C 65.4 �34.5 �1.2 5.7 24.0 �60.6 �63.9 �92.4
A* 0.815 0.0 �0.1 �0.3 �0.4 �80.1 �15.4 �54.8 227.23 194.44
B* 2.487 �0.1 0.1 �1.2 1.1 �32.5 �30.6 �27.8 209.05 163.64

C* 28.943 �0.1 �1.0 6.1 21.8 �45.3 �49.9 �89.8 222.36 186.46
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setup. This is because the targeted CoM position of the internal volume is found to
be outside of the volume. Principally, this is due to the number of high-density cells
required and the relative distance of theCoM from theGC.As such, the value of β is
iterated to a result that flattens the exponential distribution across the product
volume. This causes the probability of all cells being a high-density cell to be
relatively consistent across the volume. Hence, when completing the MCO, the
high-density cells are distributed evenly throughout the volume. It is likely that this
issue would only occur in edge case products, such as case C, with limited movable
mass and an intended CoM position relatively far from the GC.

To understand the context of these results, 20 blocks with 0, 20, 50 and 100%
infill were printed using otherwise consistent print settings. It was found that the
standard deviation for the mass of each of these blocks was ~1% of the respective
blockmeanmass. As such, the numerical error from the emulationmethod is likely
to be smaller than the as-printed error of the prototype (even with accurate
machine-material calibration) due to inconsistency in deposition mass.

5.5. Sensitivity analysis

To understand whether the initial results could be improved for the three cases, a
sensitivity analysis is performed to tune the emulation process. These include nozzle
size, materials, β tolerance, cell size, internal volume searching limits and number of
MCO iterations. These are presented in Sections 5.5.1 through 5.5.6 respectively.

5.5.1. Nozzle size
Nozzle size is directly related to the relative minimum cell density. Nozzle sizes of
0.1, 0.25, 0.4, 0.6 and 0.8 mm were investigated as these are common for desktop

Figure 11. Effect of MCO iterations on objective function value. The box represents the interquartile range
(IQR), with the inside line the median. The whiskers represent 1.5 times the IQR.
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MEX printers. Figure 14 presents the effect on each of the cases which all exhibit
behaviour similar to the development case when the nozzle size (effectively the
relative minimum cell density) is increased. The use of a smaller nozzle improves
the emulation result, as expected.

If applications expect to use smaller nozzles for the purposes of improving the
emulation result, it is important to consider the effect on print time and reliability,
with previous examples discussed in literature (Felton, Hughes & Diaz-Gaxiola
2021). Reliability reduces also when using smaller nozzles due to nozzle blockages,
whilst print time increases proportionally to the reduction in nozzle area – though
this effect may be lessened if the volume of printed material is also decreased.

From this work, the use of a smaller nozzle provides an improved result. As
such, the tuned results in Section 5.6 used a nozzle size of 0.1 mm for all cases.

5.5.2. Materials
Although PLA and copper-infused PLA have been used thus far, there are alter-
native materials available that offer a variety of material densities. Further, it is
likely that the range will continue to increase as desktop MEX printers start to be
capable of printing with metal-based materials. This can be achieved using mater-
ials such as BASF’s Ultrafuse 316 L stainless steel metal-polymer (which has a
printed part material density of 4.99 g/cm3 (BASF 2019)). Normally, the use of this
material requires debinding and sintering to form a solid stainless steel part;
however, in this instance it is used in its green state to achieve higher printed
material densities only (relative to otherMEX printablematerials). Testing was not
undertaken to check that the Ultrafuse material could be printed with PLA, though
it is expected that this should be possible. Future work should ensure that the
secondary material can be printed with the base, primary material.

The values of the objective function are plotted for each of the case studies for a
range of MDRs, in increments of 0.25, in Figure 15. It should be noted that it was
not possible to achieve a result for Case B when using PLA alone as the mass could
not be achieved (which resulted in a failed process).

Figure 13 presents and confirms that the use of PLA alone is a worse config-
uration than using a higher-density secondary material. Each of the cases displays
similar behaviour to the development case, with the objective function result
decreasing with increasing MDR, whilst the variability increases. It should be
noted, however, that the variability for cases B and C was relatively small in
comparison to case A. This was thought likely to be due to the greater volume
and probability distribution applied to the product.

When tuning the process to achieve the best result, a MDR of 9 was used. To
overcome the increased process variability, the number of MCO iterations was
increased, and is discussed in Section 4.5.6. The ratio was limited to 9, correspond-
ing to the ratio of the material density of lead to PLA.

5.5.3. β tolerance
The impact of β tolerances is presented in Figure 16. As discussed in Section 4.1.2,
the use of a continuous probability distribution and a discrete mesh causes large
increases in objective function values over small changes in β. This can be observed
in the data for case A. As such, finely tuning β is not a deterministic process, and
requires the use of a small value to ensure consistency. For this reason, the tuned
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Figure 12. The three prototypical products considered within this work. Case A – a Nintendo Switch JoyCon,
Case B – Bosch electric hand drill and Case C – laser pointer.

Figure 13.Example results for products (left-to-right) A, B andC showing the location of the shell, minimum-
density cells and high-density cells.
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process used a β tolerance of 1. This meant that the number of high-density cells
had to be within a single cell of the target.

5.5.4. Cell size
Meshes were generated with target cell sizes between 1 and 3 mm using Ansys for
each case. Due to meshing errors, however, the actual mean cell size deviated from
this target. The results for these meshes are presented in Figure 17, using the actual
mean cell size for the x-position. Meshes for case B were not able to be generated
with cell sizes less than 1.25 mm due to memory limitations. Meshing errors were
also reported for Case A – at a targeted 1.5 mm – and B – at a targeted 2 mm – and
so these meshes were excluded from the results.

For the three cases, the objective function value increased with cell size, at
least for cell sizes above 1.5 mm, as was seen in the process development. Below
cell sizes of 1.5 mm the relationship is less consistent, with this thought to be
driven by the increasing relative minimum cell density. The exception to this is
case C. Although thismay be due to the ability of the process to place high-density
cells more favourably, it was thought this improvement was likely to be due to
every cell having a larger mass. This would mean that a reduced volume of high-
density cells was necessary to achieve the target mass properties, allowing the
exponential function to prioritise local cells more accurately (the shape param-
eter could increase). As such, the CoM error – particularly in the z-axis – could be
reduced.

For the tuned process analysis, meshes with cell sizes of ~1.25 mm, ~1.5 mm
and ~ 0.6 mm were used throughout.

Figure 14. Normalised (to first data point of each case) objective function value for the three products when
considering various nozzle sizes.
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5.5.5. Internal volume centre of mass searching
Objective function values are plotted for a range of CoM iteration limits for each
case in Figure 18. Case A has a very similar relationship as was discussed in
Section 4.1.1, with objective function value decreasing with increasing CoM
iterations. As such, there is not likely to be an optimum number of CoM iterations,
with the error converging to a minimum. However, for the purposes of the tuned
process, a value of 20 will be used, as the result appears to have started to converge.

Case B was able to initially improve the objective function result when increas-
ing the number of CoM iterations – up to a limit of ~6 iterations. From here on the
objective function value increases. A similar effect is seen in the results for case C,
though this is from the offset with no CoM iterations improving on the initial
result. Both effects are caused by the difficulty in localising sufficient mass around
the target CoM position when the target CoM is external to the swept volume.

For the purposes of tuning the emulation process, CoM iteration limits of
20, 6 and 0 have been used for products A, B and C, respectively.

5.5.6. Monte Carlo optimisation
Finally, the number of iterations completed in the MCO process was considered.
Previously, it was shown that increasing the number of MCO iterations generally
improved the result and variability therein. To explore this further, 1,000 iterations
were undertaken for each case and are shown in Figure 19.

As was expected, the accuracy improved and converged to a non-zero value
when using a larger number of MCO iterations. After 1,000 iterations, the errors
were 0.645, 2.28 and 28.65 for casesA, B andC, respectively. Of note was that case C

Figure 15. Normalised (to first data point of each case) objective function value for the three products when
considering various secondarymaterial configurations, presented using secondmaterial density relative to the
PLA baseline. Case B’s required mass could not be achieved when using PLA alone, which led to a process
error, and is therefore not plotted here.
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Figure 16. Normalised (to first data point of each case) objective function value for the three products when
considering various β tolerances.

Figure 17. Normalised (to first data point of each case) objective function value for the three products for
various cell sizes. Issues arose when meshing case B with cell sizes of 2 mm due to imperfect geometry –

generated from a laser scan of the product – and less than 1.25 mm due to memory limitations.
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showed little improvement with increasing MCO iterations. This reaffirms the
notion that the exponential distribution was flattened across the product volume,
leading to consistent results.

For the purposes of tuning the process to demonstrate a best-case result, 1,000
iterations will be used. Additional iterations may improve the result further, but all
products showed signs of convergence when at 1,000 iterations, and, as such, any
further improvement would likely be small.

5.6. Tuned results

Using the settings in the previous sections, a set of tuned results were generated for
the three cases. However, it was recognised that there was cross-coupling between
parameters that has not been fully investigated within this work. As such, there
may still be scope for the results to improve further. For reference, the updated
process parameters are shown in Table 2 for each product.

The tuned results in Table 3 demonstrate a significant improvement over the
initial results, with improvements of 70.45%, 85.07% and 64.11% for cases A, B
and C, respectively. This meant that the largest error in the considered mass
properties, still the error in z-axis CoM position for case C, was reduced to 5.5%
– equivalent to 6.35 mm.

The runtime was increased for each case, from an average of ~3 minutes to
~25.6 minutes. It is up to any potential user to decide if the extra computing time is
warranted. It should be noted that although the relative increase in performance is
large, the absolute improvement often relates to fractions of a gram and/or
millimetres. Further, the fabrication time and cost would increase significantly

Figure 18. Normalised (to first data point of each case) objective function value for the three products for
various CoM iterations.
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Figure 19. Normalised (to first data point of each case) objective function value for the three products for
various MCO iterations.

Table 2. Tuned parameter settings

Product

Parameter

Nozzle size/
mm

Relative secondary material
density

Cell size/
mm

β
tolerance

CoM
iterations

MCO
iterations

A 0.1 9 ~1.25 1 20 1,000

B 0.1 9 ~1.5 1 6 1,000

C 0.1 9 ~0.6 1 0 1,000

MCO, Monte Carlo optimisation.

Table 3. Tuned process results for the three prototypical products, relative to the desired mass
properties for a nominal MEX fabrication

Product
Objective

function value Mass (%)

Centre of mass
position Rotational inertia

x (%) y (%) z (%) xx (%) yy (%) zz (%)
Runtime/s
(Apple M1)

A 0.24 0.1 �0.1 �0.1 0.0 �81.9 �37.2 �65.9 239.28

B 0.37 �0.2 �0.1 0.1 0.0 �58.4 �57.3% �46.6 2208.73

C 10.39 0.0 �0.2 4.6 5.5 �61.0 �64.5 �91.8 2164.85
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using the tuned parameters. As such, the parameters used for the initial results may
be sufficient for real-world applications.

6. Discussion
The work detailed within this article has demonstrated that the use of a variable
infill composition in MEX fabricated products could allow a product’s relevant
mass properties to be computationally emulated to high accuracy. In the best case
presented here, this is to within 0.05 g and an average of ~0.03 mm in each axis.
This work has, however, raised several interesting points for discussion. Within
this section, these are explored, with the topics categorised as either physical,
numerical or other considerations for clarity. In real-world applications there will
be significant cross-correlation of parameters (both physical, numerical, and
otherwise), and thus they should be considered together. Notably, as with the rest
of this article, this section will focus on the computational emulation of mass
properties in prototypes (the focus of this work) and how, in future work, what
these results may mean for physical emulation.

6.1. Physical

It is asserted that the proposed process will increase print time. This is due to the
volume of deposited filament likely to increase, and the discretisation of deposition
slowing the process down. One potential advantage of using a higher-density
secondarymaterial would be to reduce this effect, with a smaller volume ofmaterial
needing to be deposited. Currently, the main options are copper- or brass-infused
PLA, as was used in this work, or stainless steel–infused PLA. Future work may
investigate this further, including the development of alternative materials.

It is acknowledged that the accuracy of results achievable within this work is
theoretical. To overcome this, further work should be undertaken that aims to
fabricate products that have used this emulationmethodology. Published work has
also identified that the fabrication accuracy of the MEX process is likely to lead to
greater errors than expected within the computational emulation process (Felton
2022). Further work should build upon this, identifying whether calibration steps
can improve the physical emulation and, through doing so, identify the accuracy
required from the computational workflow. Previous literature has shown that the
geometric variability in the MEX process is often of the order of μm (Galantucci
et al. 2015; Akbaş et al. 2019). Other work has investigated how process settings
impact the deposited mass, with standard errors of ~0.32% (Afonso et al. 2021). As
such, it should be possible to improve upon the published results, though some
error will remain.

Additionally, workmay identify the required accuracy to provide psychological
benefit to stakeholders. This may follow similar methods to that presented in
literature focussing on aesthetic quality (a common issue with 3D printed com-
ponents). Thesemethods range from quantification of qualitativemeasures (Galati
& Minetola 2020) to automated measurement (Okarma et al. 2020). Other
methods combine questionnaires and automation (Borgianni, Maccioni & Basso
2019), though other work has indicated that there is no direct link between surface
roughness and perception (Hartcher-O’Brien, Evers & Tempelman 2019). How-
ever, the authors are unaware of any work looking directly at the psychological
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impact of mass property emulation, and so this should be considered as a direct
follow-up, with emphasis on identifying how quantitative measures correlate to
perception.

This work has further assumed that the part is pre-oriented to the build
direction, though this should not significantly affect the results if taken forward
to manufacture in a different orientation aligned to an orthogonal axis. This is
because the cells, although transformed through space, will need the same min-
imum infill structure, just oriented to a different axis. The main cause for error
would be the layer height used no longer aligning to a unit cell size, though this
error exists in the current form too (as the cells have some freedom to deviate from
a predefined size in the meshing method). This error is expected to be small,
though, with layer heights typically small (0.1–0.4 mm) and would likely average
out over the part.

If the part were not oriented to one of the orthogonal axes (as currently
defined), it is likely the part will need to be re-meshed and the mass distribution
recalculated. This would be necessary to ensure that the minimum infill structure
would adequately support all cells. The workflow should otherwise be identical.

6.2. Numerical

The use of a unit cell shell (single cell thickness) is one area that needs improvement
in future iterations of the methodology. Although this assumption is appropriate
when using cell sizes between 1 and 1.5mm, the use of smaller cell sizes poses a risk
to the successful fabrication of the product. This is because the shell may need to be
comprised of a single deposition wall thickness, which can cause complications
regardingwhole product support, willmean that any print abnormalities are visible
and is generally inadvisable. Conversely, the use of larger cell sizes and/or smaller
nozzles may mean that the product shells are assumed to be larger than necessary.
For example, the tuned parameters for case B assumed the use of a 0.1 mm nozzle
with a 1.5 mm cell size. This would mean that the shell is formed of 15 layers,
significantly more than common practice (3 or 4). As such, print time and cost are
increased unnecessarily and the emulation result may be affected. It may be
appropriate for future methods to use a separate shell mesh or use a variable
mesh size.

To achieve the tuned results, several runs of the methodology with varying
parameter values independently modified were required. It is likely, with the data
presented within this work, that a future product would not require the same level
of testing to identify the tuned parameters. However, some foundation product
knowledge may be required (for example, relative CoM position from GC). As
such, there is a time investment required to achieve this level of emulation accuracy
outside of the runtime.

On the point of runtime, it should be recognised that the methodology
developed herein uses a tool for the purposes of demonstration and has not been
optimised. As such, time savings may be possible within the application/execution
of the code, further reducing the effect on a user’s pre-processing steps.

Case C demonstrated a limit of themethodology where the target CoMposition
falls outside of the product’s swept volume, and the effectiveness of the probability
distribution is diminished. This is actioned through the probability distribution
being flattened across the product volume and thereby reducing the effect on the
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resultant CoMposition. To overcome this, it may be possible to apply a limit on the
target CoM position with respect to the extent of the product geometry. Future
workmay investigate this further. In themeantime, it should be recognised that the
method is primarily applicable to parts that avoid slender sections and do not
require CoMoffsets that would push the target internal volume CoMoutside of the
internal envelope.

6.3. Other

The consideration of print time also lends itself to a discussion around the use of
alternative methods for mass property emulation in MEX products. The use of
particulates – such as iron filings, lead pellets or similar – could reduce fabrication
times by placing material into volumes as needed. Furthermore, higher cell
densities may be achievable as filament material density limitations can be over-
come. In this work, methods to support the material would need to be explored –

with greater z-axis support required – as would automated placement of the
material in-process. Additionally, the increased variability of the process would
need to be considered (as observed when the secondary material density ratio was
increased). This would necessitate the use of a larger number of MCO iterations.
Lumped, solid masses would offer a similar solution, but would require a more
extensive modification to the current MEX fabrication machinery and process and
suffer from similar process-related issues. Further, limitations may arise caused by
the requirement to “lump” mass (centralise as singular masses) together.

Lastly, the presented methodology does not consider whether certain mass
properties aremore important. In practice, it may be that the relative importance of
emulating each of the mass properties would differ depending upon the case
considered. This in turn may enable a trade-off to be determined that improves
the emulation results for the mass properties of interest. Other work has looked at
this further, demonstrating that principal RI is less important due to the central
limit theorem dominating the perceived RI effects (Felton 2022). However, it
would be beneficial to understand the psychological impact of mass and balance
further.

7. Conclusions and future work
The scientific contribution of this article is two-fold: the creation of a numerical
method for emulating the as-designed mass properties of MEX products through
control of infill composition and the characterisation of the capability of the
method to emulate mass properties in MEX (3D printed) prototypes.

The method is based on a directed optimisation approach that utilises solution
space knowledge to target the resultant infill composition (whilst considering
DfAM factors). The method was initially developed using a study of a simple
primitive, which resulted in a set of initial (default) parameters. These parameters
were applied to three case study products (case A – laser pointer, case B – hand drill
and case C – games controller). The results demonstrated that individual mass and
CoM position properties could be emulated to within ~1% of the target in less than
5minutes CPU time. This was achieved using standard computer hardware and the
initial parameter set. Exceptions were observed for case C, associated with the
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relative offset between GC and CoM position, which are discussed within
this work.

The method was refined (tuned) via repeat application to the three cases, but
with relaxation of physical and reasonable computational limitations – such as
considering a wider range of materials and allowing the runtime to be extended.
Using the tuned parameter sets it was found that mass and CoM emulation error of
0.2% could be achieved for cases A and B. Case C continued to experience issues
with CoM emulation, though the error was reduced from 21.8% to 5.5% in the
worst instance. However, the runtimes associated with these improvements were
significantly greater, increasing for case B from ~4 minutes to ~37 minutes.

In addition to comparison with the “as-designed” mass properties, the initial
and tuned results were compared with standard (20%) infill MEX prototypes. This
showed clear improvement in results at all stages. For cases A and B, emulation
accuracy – as defined by the objective function – improved by 98.5% and 97.3%
(respectively) when using the initial parameter set relative to the conventional
fabrications. These improved further to 99.4% and 99.6%, respectively, when the
tuned parameter sets were used, relative to the conventional fabrication results.
This relates to a maximum CoM positional error reduction of 33.4 to 0.2 mm for a
product of length ~ 236 mm in the associated axis. As such, the method demon-
strates significant improvement in mass property representation relative to con-
ventional MEX fabrications. The use of the baseline or tuned parameter set is,
however, up to any future user who may wish to adopt this methodology, and
should be based upon the resource available, the design context and what level of
accuracy is required. Other work has demonstrated that calibration and other
manufacturing issues within theMEX process will likely cause greater disparities in
mass property accuracy (Felton 2022). As such, it is likely the initial parameter set is
reasonable for most work, without also undertaking additional steps to calibrate
the computational emulation and manufacturing processes.

The reported study is performed numerically using material and process
parameters of typical (current) MEX machines. Over the forthcoming years both
materials and capability (e.g. nozzle size) will improve, and, as such, these results
should be taken as indicative of what may be possible in the future, with further
improvement likely.

The developed numerical method demonstrates the potential capability for
designers to fabricate prototypes using AM that embody representative mass
properties, thereby significantly improving the feel of these parts. This enables
highly automatedmanufacture with little required expertise to produce a prototype
at a higher fidelity – with respect to the mass property aspects of feel – than has
previously been possible. Due to the ease of use and low cost of AM techniques,
such mass-emulated prototypes can be produced and applied early in the design
process, which can both improve quality and reduce the time of the design process,
and ultimately enable more successful product development.

Conversely, it should be recognised that the fabrication of large, heavy parts in
this manner may delay the design process for rapid programmes due to the
significant increase in print time (in the instance of one case study, increase from
2 to 9 days). Such increases may also increase design fixation due to time
investment, and increased economic investment, in prototype fabrication
(Youmans 2011). The effects of this are reduced through the ease of use and highly
autonomous nature of the AM process but are not avoided entirely. It is therefore
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recommended that such prototypes are – as with all prototyping activities – only
created when the need for them arises.

Similarly, prototyping activities during the early stages of design should first
consider emulating mass properties with simple approximate methods – for
example, inserting solid masses into pockets – if a lower level of accuracy is
appropriate. This also presents an additional work stream, where the level of
appropriate emulation accuracy is investigated to minimise resources in the
fabrication of applicable prototypes. This was not investigated within this work
due to the complexities of identifying the required accuracy for the wide range of
use cases, products, and design contexts that designers regularly work towards.

For future work, the authors will develop the method such that it can be
integrated into current slicing tools to fabricate artefacts with emulated mass
properties. As part of this, parameters that affect the deposition mass will be
investigated (for example, layer height, print speed, extrusion temperature
(Afonso et al. 2021)). It is posited that negative effects can be overcome through
machine-material calibration, but some further uncertainty will affect the results.
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