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A B S T R A C T

The additive manufacture of parts using extrusion-based techniques such as 3D Concrete Printing (3DCP) offers
an alternative to traditional moulding processes. The precision to which the desired shape can be produced,
however, is limited by the extrusion process and layer thickness, exacerbated by the deformation that occurs in
the wet material during manufacture. Quantifying manufacturing precision is a critical part of defining process
capability and quality control procedures, but this has yet to be explored for these technologies. To address this,
this paper presents the problem of evaluating the geometrical precision of manufactured parts and then proposes
an approach based on geometric dimensioning and tolerancing (GD&T), commonly used in manufacturing. This
is then applied in a case study in order to demonstrate the application of the technique for understanding and
defining process capability, to enable more effective design rules that lead to greater confidence in the viability
of part designs, and to provide the reliable performance metrics necessary for process improvement and control.
The work concludes that the outlook for such techniques is positive and that the application will be beneficial in
the future development of quality control procedures for 3DCP.

1. Introduction

Large-scale additive manufacturing processes for the construction
sector have been under development internationally for the last
15 years [1]. Many are based on the extrusion of wet mortar in a
process similar to Fused Deposition Modelling, where filaments are
deposited layer by layer to form the desired object [2,3]. The processes
are driven by a computer model used to generate the instructions re-
quired to control the additive manufacturing equipment. They remove
the need for moulds, which offers a number of benefits including
greater flexibility in design geometry and shorter lead-in times for part
manufacture [4].
A dominant characteristic of additively manufactured parts is the

native surface finish created by the sequential layering of the material,
known as the ‘staircase effect’ [5]. Often this results in a post-processing
overhead, in which the improvement of surface finish might be one
operation required to make a part fit for purpose [6]. The left-hand
image in Fig. 1 presents this problem for parts printed using cement-
based mortar (3DCP) where the rheology of the material often results in

extrusion diameters upwards of 10 mm and hence the precision of
shape and surface forming is limited to about± 5 mm (Fig. 1, centre
image) [7]. This may not be problematic for some applications, such as
the production of walls and columns [8–14], but can be where greater
tolerances are required, as depicted in the right-hand image of Fig. 1,
where the creation of part mating surfaces in joints in assemblies [15]
or the reproduction of more precise features for aesthetic [16], or
functional reasons [7,17] is required.
Surface quality and the precision in reproducing features is influ-

enced by the nozzle diameter, shape and its orientation. The parts in
Fig. 1 have been manufactured using a circular nozzle extruding ma-
terial perpendicular to working surface. Changing the nozzle shape
from round to rectangular as well as non-vertical nozzle orientation has
been shown to yield improvements [18], as has the addition of a paddle
to smooth the surface during extrusion [19] and varying the extrusion
diameter [20]. Even with improvement strategies, however, key ques-
tions remain:

• How precise are the manufactured parts (or building elements)?
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• Is this good enough for the application?
• Can the process be improved to deliver the required precision? And,
• to what extent does the part need modifying to make it fit for pur-
pose?

The quality of manufactured parts is not only affected by the
staircase effect, but deformation under self-weight during manufacture
[21–23]. Additive manufacturing processes that use cement-based
mortar have a complication in the significant role that the time de-
pendent characteristics of cement hydration play in manufacture. Wet
material must remain in a non-hardened state in order to facilitate
extrusion and inter-layer bonding during manufacture, but this can lead
to buckling of structures or plastic yielding towards collapse under the
increasing hydrostatic loads [24,25]. The importance of these me-
chanisms has driven significant efforts in recent work: determining the
rheological requirements of the wet material [26]; quantifying build-
ability [27,28]; and predicting structural failure [29,30] for controlling
deformation behaviours. Undesirable effects can be exacerbated by
poor control of material delivery and filament placement, and toolpath
planning and so being able to benchmark process performance using
measurement enables improvements to be trialled and evaluated sys-
tematically.
For those applications where producing the net-shape is beyond the

capabilities of the 3DCP process, but where it is still beneficial to use
3DCP to produce a near-net-shape, further processing of the part is
needed, commonly achieved through trowelling the surface, or the
application of additional additive (e.g. rendering) or subtractive (e.g.
milling) processes [3,31]. Understanding the process capability to en-
able the design of the near-net-shape part to accommodate a second
process also requires systematic analysis, based on interrogation of
manufactured parts, using a formal approach to measurement and
evaluation.
Systematic methods for the assessment of manufacturing precision

in 3DCP have not been investigated to date. However, there is a
growing acknowledgement in the active community that this is im-
portant to:

• quantify and define process performance/capability;
• evaluate the quality of the features of a part; and,
• systematically interrogate processes, material and digital work flow
to improve quality and performance.

This paper draws on methods used in manufacturing to address the
problem of evaluating the quality and performance of 3DCP. It defines
the nature of the problem, presents the background methods and then
demonstrates the application using a case study of a well-known 3DCP
process.

2. Background

The application of dimensional tolerances in construction has for

many years been applied to cast part sizes and their spatial locations
[32]. These are measured using traditional hand equipment such as
manual measuring tape, theodolite and total station, shifting to digital
equipment including laser distance measuring instrument, laser-based
total station and 3D laser scanners. The dimensional tolerances for the
creation of on-site formwork, specify the physical sizes of parts and
their spatial locations within the entire building system [33,34].
However, dimensional tolerancing, as it relates to the finished building,
to a large extent relies on experienced on-site craftsmen to custom-
shape parts to work with each other, which is very different from the
interchangeable parts required in manufacturing [35,36].
In manufacturing, Geometric Dimensioning and Tolerancing (GD&

T) was established to provide standardised, comprehensive geometric
measurement and tolerancing for all products. It is a symbolic language
to specify the size, shape, form, orientation and location of features on a
part, which reflects the actual relationship between mating parts, in-
suring proper assembly to improve quality and to reduce cost [37]. GD
&T serves as a tool for mechanical designers and engineers to com-
municate design intent and provide a sound basis for geometric quality
inspection, and is embodied in standards, such as the British Standards
Institution (BSI) BS 8888:2006 [38], American Society of Mechanical
Engineers (ASME) Y14.5 - 2018 [39,40] and China National Standards
(CNS) GB/T 1182 - 2018 [41].
Integrated product and process design methods [42,43] and new

types of tolerances [44] have been introduced in construction, but there
remains little evidence of the implementation of GD&T methods within
construction manufacturing, even though these methods have potential
to contribute to the needed improvements in the efficiency of delivering
the built environment [45,46].
The novelty of this work is the application of the GD&T system to

support large-scale additive manufacture using cement-based materials.
Parts are often bespoke, typically one-off and the precision of the
manufactured geometry is affected by design and process parameters
that are bound with highly time-dependent material properties that can
be varied from seconds to hours or even days, making evaluating
quality and understanding the factors that affect it challenging. This
work provides a pathway through these factors in order to rationally
define and understand process capability, and inspect and verify part
quality. The approach could be applied to any construction manu-
facturing process, digitally driven or otherwise.

3. Problem definition

The final shape of parts that are manufactured using extrusion-
based 3D concrete printing processes will vary due to combinations of:

• filament diameter and shape;
• layer height;
• tool path (strategy, pattern, tool orientation);
• material volume flow rate (in relation to tool velocity);
• inertia in the material at direction changes (nozzle velocity);
• material rheology, mix and process time dependency;
• part height;
• feature type, location and orientation on the part; and,
• shrinkage during hydration.
3DCP processes commonly manufacture bespoke parts, or elements

of a building. These are often large objects and so reliability in manu-
facture is acutely important, not only in terms of productivity, but also
in minimisation of waste.
The result is that there are many potentially variable manufacturing

parameters driving the outcomes of the production of different design
geometries which need to be fabricated correctly, with an acceptably
low failure rate. In order to increase the likelihood that this is achiev-
able in practice, the tolerances of the manufacturing process must be
known so that they can be compared to the tolerances required by the

Fig. 1. Naturally striated surfaces of 3DCP parts on the left, the tolerances
against a scale in the centre and an example of a ground flat surface on the
right.
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design to identify whether or not the process is capable of manu-
facturing a part that is geometrically fit for purpose. Therefore, a
method is needed that can systematically determine process capability
and, where appropriate, be used to interrogate that performance to
understand how it can be improved. These methods need to be trans-
parent, repeatable and standardised if processes and techniques are to
be evaluated on a like-for-like basis.
The bespoke (certainly low volume) nature of 3DCP manufacture also

means that monitoring the variation in precision of parts through the
sampling of production is challenging in practice. Focusing on the ability
of a 3DCP process to reproduce features, therefore, is one way to on
which to base a useful quality measure because the reproduction of si-
milar features could be tracked through inspection of many bespoke parts.

4. The GD&T framework for quantifying 3DCP process capability

In general, the basic features of common parts might include (but
are not limited to) flat faces (planes), sharp corners, round or elliptical
surfaces, curved edges, and holes. Two common features are the ‘flat
face’ (plane) and the ‘sharp corner’ (edge), as both are key features for
aesthetic quality and for the production of mating surfaces at interfaces
between parts manufactured for assembly.
One challenging aspect is trying to navigate the many combinations

of feature type, design, build orientation, material mix, batching,
rheology, set control, process print speed, nozzle configuration, tool-
path strategy, measurement options into a systematic and repeatable
testing procedure. Fig. 2 presents such a framework based on GD&T.

Fig. 2. GD&T framework for quantifying 3DCP process capability.
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The rectangles represent key steps in the process, the circles represent
the options for controlling the variability into the process, and the
squares represent the actions informed by the information coming from
the analysis. The approach breaks down into five stages from:

• Problem definition: the part geometry under inspection, which fea-
tures and their geometric parameters are of interest, what types of
tolerances to be specified and how they are calculated, and what
sampling strategy you are going to use.
• Sampling: production of the parts in terms of various process and
material parameters for inspection.
• Analysis: determination of measurement parameters and im-
plementation, and then the derivation of the key metrics from the
collected data.
• Information: generation of new information about design for manu-
facture, process capability statement and/or improvement based on
the key metrics.
• Action: finally informed appropriate action, whether that is for
process comparison, improvement, or to understand an aspect of the
design for manufacture of a near-net-shape part.

Ultimately, when the capability of a process has been defined, the
GD&T characteristics and metrics will be used to inform the processing
of future part designs: either by providing the constraints of what is
achievable; or to modify the net-shape geometry so that it can be
manufactured in a two-step process where the near-net-shape is addi-
tively produced and the net-shape is achieved by applying some addi-
tional process.

4.1. GD&T geometric characteristics

There are fourteen geometric characteristics describing five types of
tolerances that are routinely used by GD&T in manufacturing and these
are listed in Table 1. A datum (axis or flat surface) is often used as a
reference of location to specify those tolerances.

4.2. GD&T metrics

There are a number of metrics, or geometric error indicators, that
could be applied for different geometric characteristics of tolerances.
Four of the most useful (for Form and Profile tolerances) are the max-
imum positive and negative deviation errors, dpMAX and dnMAX; and the
mean positive and negative volume deviation per unit area, Vp and Vn,
given by,

V d n n/ ,p p p (1)

V d n n/ ,n n n (2)

where n is the total number of points in the measured point cloud as-
sociated with the region of interest, np and nn are the number of points
that have positive and negative deviations respectively and dp and dn
are the mean positive and negative deviation. By sampling manu-
factured parts, these metrics can be used establish the precision, ac-
curacy and variability of a process or used to establish dependency on
process, material or design parameters.

Form is evaluated using the difference between maximum positive
and negative errors (for instance, flatness is represented by
Δdf= dpMAX− dnMAX), and the mean being calculated across a number
of sample parts. Variation in the mean can be captured using 95%
Confidence Intervals (CI) for assessing capability based on a sample of
parts manufactured using the process. Because most parts manu-
factured using 3DCP are bespoke and have the need to be in tolerance
‘every-time’, 99% Prediction Intervals (PI) should be considered when
designing a part for future manufacture, based on a previous sample.
According to the scale of the selected sample, the CIs and PIs can be
calculated using an applicable statistical distribution, e.g. Student's t
distribution for a small sample. The mean positive and negative volume
deviations are useful for evaluating Profile - the closeness of the part to
the net-shape, and are treaded in a similar way.

Table 1
Geometric characteristics of tolerances.

Pertains to Type of tolerance Geometric characteristics

Individual feature only Form Straightness; Flatness; Circularity; Cylindricity
Individual feature or related features Profile Profile of a line; Profile of a surface
Related features Orientation Angularity; Perpendicularity; Parallelism

Location Position; Concentricity; Symmetry
Runout Circular runout; Total runout

Form: is a morphological control of an individual feature as a refinement of its size tolerance; all form tolerances apply to single or individual
feature, independent of all other features and surface controls.
Profile: is a surface control which is the result of projecting the profile of an object on a plane or taking cross-sections through the object at various
intervals; profile tolerance can be used to control the size and shape of a feature or the size, shape, orientation, and location of an irregular-shaped
feature.
Orientation: is used to describe the angular relationship between features, which includes parallelism, perpendicularity, angularity, and, in some
cases, profile.
Location: controls both the spatial location and the orientation of features, which significantly contributes to part function, part interchangeability,
optimization of tolerance, and communication of design intent.
Runout: controls surfaces constructed around a datum axis and surfaces constructed perpendicular to a datum axis; it controls several characteristics
of surfaces of revolution, such as coaxiality and circularity, as that surface is rotated about its datum axis. There will usually be a tolerance zone
formed by two parallel planes or a cylinder specified to a toleranced feature. Feature size and shape falling within such a tolerance zone is
recognized as qualified for desirable geometry and function.
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5. Application case study

In this case study, GD&T based methods are applied to the inspec-
tion of the 3DCP process developed at Loughborough University. This is
an extrusion-based additive manufacturing technique for fabricating
solid geometries from a high-strength, cement-based mortar. The fol-
lowing section describes the specifics of the design of the test part,
sample strategy, the 3DCP materials, the process and the measurement
system. This is followed by the results of the analysis that demonstrate
the method for evaluating process capability, feeding data back into
design for manufacture and improving process performance.

5.1. Design of the test part and sample strategy

The test part design and sample strategy are formulated to identify
the capability of the process to reproduce flat faces and edges as these
are common aesthetic features but also critical for forming mating
surfaces for interfaces between parts in an assembly and other elements
of the construction. Two geometric characteristics from the GD&T li-
brary have been selected for this evaluation: flatness, to understand the
quality of the (in this case) flat mating surfaces; and profile, to under-
stand the quality of forming edges and to evaluate the proximity of the
printed part to its net shape.
‘Flatness’ describes the inherent property of manufactured surfaces

and can be located in any orientation, or location on the manufactured
part. Flatness is not affected by the precision of the surface location on
the part and so its datum is a plane that can be mathematically ‘fitted’
to the surface of the manufactured part. ‘Profile’ indicates the approx-
imation degree of manufactured surfaces of a part to its expected geo-
metry (design CAD model, the datum) and so the location of a feature
does matter. Once these errors are understood for a process, they can be
turned into manufacturing tolerances that can be used for monitoring
the quality of manufactured parts.
The metrics of both flatness and profile are then used to measure

process capability and so compare the effect of varying one process
parameter (nozzle diameter and layer height in this case) on the pre-
cision of the printed part. They are then used to establish inflation
metrics that can be used to modify the CAD net-shape model used to
drive the manufacturing process, so that the printed part is appro-
priately sized for the incorporation of post-processing operations. This
near-net-shape model is used in order that there is sufficient, material
removed or deposited to allow for trowelling (a surface forming pro-
cess), rendering (an additive process) and milling/grinding/cutting
(subtractive processes) operations to be demonstrated.
Finally, the metrics are used to interrogate the process to identify

areas that can be treated for the improvement of the printed precision
and the test method in order to identify any problematic issues. In this
example, the impact of toolpath configuration and an anomalous issue
in the mix preparation one of the printed samples is used to demon-
strate the sensitivity of the method to identify such problems.

5.1.1. Test part
The part design comprised several examples of both flat-face and

edge features at varying inclines and angles so that the quality of their
reproduction can be evaluated using the measures of flatness and pro-
file. This led to a geometry depicted in Fig. 3, with nine flat faces (four
vertical, three inclined and two horizontal flat faces) with nineteen
corners (three vertical, four inclined and twelve horizontal corners).
Two vertical flat faces, both 90° the working plane (F4 & F5), three
inclined flat faces at 30°, 45° and 60° (F1, F2 and F3 respectively) and
the top horizontal flat face (F6, 0°) were used in the analysis for surface
flatness and profile. Seven corners were investigated for profile toler-
ance five: the five external corners (Ce1, Ce2, Ce3, Ce4 and Ce5); and
the two internal corners (Ci1 and Ci2). The test geometry can be freely
downloaded from [47].

5.1.2. Sample strategy
In order to generate statistics that provide an indication of repeat-

ability, several nominally identical examples must be manufactured.
Three samples were selected for this study in order to demonstrate the
approach, but larger a sample size is likely to be more robust in prac-
tice. The effect of changing a key process parameter (nozzle size/layer
height) was investigated and so for each nozzle diameter tested (8 mm,
12 mm and 16 mm), a sample of three parts were manufactured. The
nozzle diameter and the layer height was parametrically linked to
diameter in the ratio of 0.52, giving respective layer heights of 4.2 mm,
6.3 mm and 8.3 mm and Groups 1, 2 and 3 respectively. Each Group
can be used to quantify the repeatability and precision of the 3DCP
process and comparison between groups provides insight into the effect
of nozzle diameter on the attainment of the net shape.

5.2. Manufacturing apparatus

The 3D concrete printing apparatus is presented in Fig. 4. It is based
on an ABB industrial robot with a circular nozzle out of PLA (polylactic
acid) at its end effector. A pipe connects the printing nozzle with a
screw (volume displacement) pump to convey the high-strength mortar
(described in [48]) from the hopper to the nozzle.
The net shape model is converted to an STL file, which is sliced

using Simplify3D software. Simplyfy3D was selected because it sup-
ports different types of 3D printers and can perform pre-print simula-
tions before physical printing [49]. The tool paths used where a con-
ventional perimeter outline with a diagonal hatching pattern. Two
borders were printed and the internal hatching alternated at 45° be-
tween odd and even layers. The tools paths were converted to G-code
and then transformed into robot code and simulated in RobotStudio
(ABB Ltd.), and physically without materials prior to each print batch.

5.3. Material, batching and printing parameters

Each sample was made with a fresh batch of mortar. The mixing,
batching and printing time were as consistent as possible in order to
minimise the variations in material rheology. The concrete mix design
used is presented in Table 2. The time between the addition of water
and the printing during manufacture was kept constant to reduce effects
from the changes in the rheology as the cement hydrates [23]. The mix
was retarded to give an open time of at least 1 h for printing. Each batch
was 20 l and one test part was manufactured per batch. It took ap-
proximately 20 min for mixing of the sand (diameter ≤1.18 mm), the
powder (cement, fly ash and silica fume) and then adding the super-
plasticizer after the water with the retarder.
Just before the mixed concrete is placed in the pump, its static shear

strength is measured by a shear vane apparatus, which is the same
measurement method applied by Le et al. [49]. This helps to determine

300 m
m

430.9 mm

200 mm

100 m
m

200 m
m

57.7 mm
173.2 mm

F1

F2

F3

F4 F5

F6

Ce1

Ce2Ce3

Ce4

Ce5

Ci1 Ci2

Fig. 3. Test part with nine flat faces and nineteen corners.
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similar rheological properties among different batches are achieved
before each print. Table 3 gives the measured static shear strengths of
the nine batches. Care was also taken to monitor the ambient conditions
during printing (temperature and relative humidity) according to the
lab thermal record and these remained reasonably constant
(18 ± 1 °C, 50– 60%) for all except Part 4 and 5, when the tem-
peratures were higher with lower humidity (25 ± 1 °C, 35– 45%)
requiring a slight variation of superplasticizer dosage to maintain the
target shear vane values.
Once prepared and checked, a small quantity of mortar is loaded

and pumped anterior to the mixed concrete to wet the pipe and then the
mortar is conveyed until the extruded material visually runs smoothly
and steadily. As the part is manufactured, attention was afforded to the
hopper of the pumps where occasional vibration was used to ensure the
mobility of the mortar to flow into the pump rotor-stator without
trapping pockets of air into the mix.
The mortar pump was run at the bottom end of its design flow rate

to produce the samples. The resultant volume flow rates lead to de-
position velocities at the nozzle between 100 mm/s and 200 mm/s to
maintain flow and prevent the pump from overheating (at excessively
low flow). The process parameters used are presented in Table 4.

5.4. Measurement

Contact metrology has been widely applied to inspect and verify
feature tolerances, however, these methods can be difficult to set up
and slow, especially when measuring large parts with abrasive surfaces.

There has been a sustained effort to develop and apply optical 3D
measurement techniques since the late 1980s and methods such as
Time-in-flight sensors [50], laser triangulation scanning [51], inter-
ferometry [52], photogrammetry [53], laser tracking system [54], and
structured light [55,56] have been developed. A comprehensive review
of methods can be found in [57].
Structured light has been one of the most widely applied optical 3D

measurement techniques because of its ease of implementation and fast
full-field measurement by projecting a patterned field of light, usually a
set of sinusoidal stripes, onto the surface being measured. The set of
projected light patterns is then captured using a camera and combined
to allow the projected field of light to be defined. Triangulation is used
to determine the spatial position of pixels to represent points on the
imaged surface, creating a point cloud. In this work, a Hewlett-Packard
DAVID SLS-3 structured light scanner was used [58], pictured in Fig. 5a
mounted on a robot.

5.4.1. Assessment of measurement accuracy
The accuracy of the DAVID scanner was assessed by following part

two of the VDI/VDE 2634 standard for the assessment of optical 3D
measuring systems. This involves positioning a ball-bar and flat plane
artefact at a predefined set of seven poses within the scanner's mea-
surement volume. For assessment of the DAVID scanner used in this
work, a precision ground aluminium plate was used as the flat artefact.
The plate provided a plane size of 500 × 400 mm, with a measured
flatness± 25 μm (measured using an LK Ultra coordinated measuring
machine with a stated volumetric uncertainty of± 1.75 + l/127 μm).
The ball-bar used consisted of two precision ceramic balls, of 38 mm
nominal diameter, spaced at a nominal distance of 300 mm. The dis-
tance between the balls and the diameter of each ball was calibrated by
the supplier to a stated uncertainty of 1.1 μm and 0.8 μm respectively.
During the scanner assessment all measurements were made with 0.3%
outlier rejection as per VDI 2634, and the three parameters, SD, the
error of the sphere spacing distance, Ps, the probing error and F, the
flatness error were determined. Sphere spacing error, SD, is a measure

ABB robot

Screw pump

Circular nozzle

Printing platformMortar pipe

Fig. 4. Layout of the 3DCP apparatus system.

Table 2
Test material mix (given in grams per 20 litres).

Sand Cement 52.5 Fly ash (Cemex 450-S) Silica fume Water Superplasticizer (Spa Glenium 51) Retarder (Delvo Stabiliser 10)

24,880 11,620 3,320 1,660 4,240 249 84

Table 3
Measured batch static shear strengths of the nine parts.

Group 1 2 3
Part 1 2 3 4 5 6 7 8 9
Batch static shear

strength (KPa)
1.08 1.08 1.08 1.09 1.08 1.13 1.16 1.09 1.09
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of the ability of the scanner to measure length, and this was found to be
0.26 mm. Probing error, Ps, represents the ability of the scanner to
accurately measure small regions of the total measuring volume, and
this was found to be 0.33 mm. Flatness error, F, represents the ability of
the scanner to accurately measure points taken from a flat plane that
spans the measurement volume, and this was found to be 0.31 mm.
These values are all less than the expected and observed process
variability.

5.4.2. Capturing part geometry
The measurement was taken at a material age of 6 days for Part 1– 6

yet 11 days for Part 7– 9 with a common lab curing condition of
20 ± 5 °C and 40– 60%. For each part, several scans from different
directions were conducted to capture its geometry. This was im-
plemented by using a robot to position the scanner in pre-set positions,
ensuring that the entire surface of the part was measured with over-
lapping sections in adjacent scans.
Each scan is then processed and combined with the others using the

CloudCompare software to produce the 3D point cloud of the part
(Fig. 5b). The manual processing procedures include denoising, re-
moval of background and surroundings, registration to align multiple
scans taken from different views and finally fusion into a single point
cloud presenting the entire shape of the test part. Notably, the regis-
tration is vital for achieving the correct spatial location of a target point
cloud relative to its theoretical location, to ensure the accurate geo-
metry of the part is obtained. Several methods [59] can be applied to
accomplish a good registration. CloudCompare uses the Iterative Clo-
sest Point (ICP) method [60] where the objective in this study is to

achieve a Root Mean Square Error (RMSE) difference of no more than a
threshold of 1.0 × 10−5 mm between any two iterations during re-
gistration for each pair of overlapping point clouds. Here the RMSE
stands for the virtual value of the average distance between any two
compared points from their respective point clouds.
Subsampling of the final point cloud is then undertaken with a

specific point-to-point distance as an acceptable subsampling precision
for part cloud reduction; in this study the chosen precision for sub-
sampling was 0.3 mm. Subsampling is useful as it reduces the compu-
tational cost associated with data processing and it yields a uniform
point cloud that allows for good registration between the measured
geometry of the test part presented by the point cloud data and the
design geometry, a triangular mesh model created from a CAD model.
Details of subsampling performance criteria can be found in [61].

5.4.3. Deriving feature errors
Flatness and profile can be evaluated by considering the geometric

deviation errors between the actual feature state (data in a point cloud)
and its ideal nominal geometry (a mathematical best fit, or the net
shape as defined by the CAD model). The merged part point cloud needs
to be ICP registered with the CAD model by the same RMSE (virtually
average distance between the point cloud to the CAD model) difference
threshold of 1.0 × 10−5 mm at an overlapping level of 70– 80%. On the
test part used here, six flat faces are considered (F1 to F6), with five
external corners (Ce1 to Ce5) and two internal corners (Ci1 to Ci2).
Fig. 6 shows the net-shape CAD geometry with the point cloud data
after the ICP registration. Boundaries between each area used in the
analysis are marked with red and yellow dashed lines, defining the flat

Table 4
Process parameters of Group 1, 2 & 3.

Group Nozzle diameter/mm Layer height/mm Nozzle velocity/mm/s Printing volume flow rate/ml/s Part material dosage/L Print time/min

1 8 4.17 200 5.5 9.2 28
2 12 6.25 100 6.2 9.2 25
3 16 8.33 100 10.2 9.2 15

Fig. 5. Measuring a printed part, a) deployment of a structured light scanner, b) fused point cloud.
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Fig. 6. The CAD model (green) and the point cloud (white) measured part after ICP registration, with the boundaries of the areas used in the analysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Test parts manufactured, a) three groups of three parts where Group 1 used an 8 mm nozzle, Group 2 used a 12 mm nozzle and Group 3 used a 16 mm nozzle,
b) surface details of a typical part.
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faces and vertices. Each area, in turn, is considered and the deviation
between each point in the point cloud and the CAD model is measured
normal to the surface of the model (implemented through the Cloud/
Mesh Distance function in CloudCompare).

5.5. Results

Fig. 7a depicts all nine printed parts (Part 1– 9): Group 1, 2, 3 for the
8 mm, 12 mm and 16 mm nozzle diameters respectively. Visual in-
spection identified the following characteristics that may be undesir-
able in Fig. 7b: the arc path inherently used by the robot (in mechanical
design) as it interpolates an edge resulted in rounded edges; the ex-
ternal corner Ce4, where the head-end junction of the perimeter tool-
path on each layer is located and the subsequent bulging, distorting the
forming of Ce4, Ci1 and F4. The approximate areas and number of
points for each face and edge used in the analysis are given in Table A.1
in the Appendix for information.

5.5.1. Feature reproduction: creating flat faces
Table 5 gives the process capability statement for producing flat

faces, for each of the three nozzle sizes. Looking at the overall mean
differences, it can be seen that the errors are in the region of half the
respective nozzle diameter in each case, which is to be expected since
the reference plane is fitted to the surface. We might expect the order of
decreasing performance to be in the horizontal, vertical and then in-
clined planes as long as the deformation related to the wet material
rheology is well controlled, because inclined is the hardest to achieve a
flat surface due to the tendency of the inclination to exacerbate the
staircase effect.
However, for the 8 mm samples, inspection of the data in Table A.2

shows that the errors in Sample 2 (Part 2) were much worse than those
in Sample 1 and 3 (Part 1 and 3). Further inspection of the part revealed
much greater bulging, indicating that the rheology of the material was
not consistent with the other two samples. We might conclude that the

process creating Sample 2 (Part 2) went out of control. Likewise, the
rheology problem also played a role in Sample 1 and 2 of Group 2 (Part
4 and 5) which also showed a significant increase in the uncertainty in
the mean.
This inconsistency can be attributed to the slightly different mate-

rial compositions of Part 4 and 5, where high environmental tempera-
tures resulted in additional dosing of the mix with superplasticizer to
maintain the target shear vane measurement during printing. This de-
monstrates that the approach is sensitive to unexpected influences on
the process and can signal the need for further investigation to develop
greater reliability in the processes. The horizontal surface is closer to
what might reasonably be expected to be a straight line relationship
between nozzle sizes and the resultant errors, as seen in Fig. 8.

5.5.2. Feature reproduction: creating edges
The profile errors of corners are calculated and treated in a similar

way to the flat faces and presented in Table 6, data in Table A.3. Again,
errors increase with nozzle diameter and are predominantly negative,
illustrating the effect to the robot's arc movement at an edge and the
consequential under-printing of external corners. This effect is reversed
in internal corners where over-printing occurs.
These are important observations if secondary subtractive/additive

processes are to be deployed as it suggests that the tool path at the
corners must be modified to achieve the final net shape, which in-
troduces an additional step in the generation of the machine instruc-
tions from the design geometry.

5.5.3. Proximity of the part to net-shape
Based on the data in Tables A.3 and A.4, Table 7 presents the mean

deviations for all faces on the parts to give a condensed set of figures
that could be used to compare process capability, or used to adjust the
net-shape prior to printing in order to accommodate a second surface
finishing process to take the part closer to the net-shape.
The feedback from the data suggests that if you want to trowel the

Table 5
Flatness: quality of mating surfaces (combined for vertical, inclined and horizontal).

Flat faces 95% confidence intervals 99% prediction intervals

Mean difference
8 mm ⌀ (mm)

Mean difference
12 mm ⌀ (mm)

Mean difference
16 mm ⌀ (mm)

Mean difference
8 mm ⌀ (mm)

Mean difference
12 mm ⌀ (mm)

Mean difference
16 mm ⌀ (mm)

Horizontal 3.9 ± 0.5 5.3 ± 1.0 7.4 ± 0.7 3.9 ± 2.6 5.3 ± 4.8 7.4 ± 3.3
Vertical 6.1 ± 1.0 8.5 ± 2.3 6.9 ± 1.0 6.1 ± 4.3 8.5 ± 10.3 6.9 ± 4.4
Inclined 6.4 ± 0.9 8.4 ± 1.1 8.8 ± 1.0 6.4 ± 4.5 8.4 ± 5.3 8.8 ± 5.0
Overall 5.9 ± 0.6 7.9 ± 0.9 7.9 ± 0.6 5.9 ± 4.0 7.9 ± 6.3 7.9 ± 4.2
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Fig. 8. Flatness errors variation of F6 along with the nozzle diameter, a) dpMAX, b) dnMAX.
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surface to attain the net-shape, you need to ensure that the correct
volume of material is deposited, given by +V Vp n. It is evident from the
data that the 16 mm nozzle diameter process is closer to this balance,
and this might be the favourable process configuration in this case.
If additive methods are to be applied, then the part must not be

larger than the net-shape in any dimension. In fact, it must be suffi-
ciently smaller to accommodate the minimum thickness of the coating
or rendering material. Here, deflating the model is necessary and the
figures in Table 7 can be used to estimate this value by
dpMAX+ PI99% + Tm, where PI99% is the 99% prediction interval and Tm
is the minimum thickness of the rendering material.
The opposite is the case for applying subtractive methods where the

net-shape must be encapsulated completely by the net-net-shape where
∣dnMAX ∣ + PI99% could be applied to estimate the required inflation of
the net-shape prior to generating the toolpaths for manufacturing.
The deformation of the part under hydrostatic load might also affect

the inflation estimates, further investigation of the data might be ap-
propriate. Here, dpMAX was sampled in 10 mm - thickness bands verti-
cally across face F1, F2, F3 and F5 and observed as a function of height
from the working plane, as presented in Fig. 9. This shows there is a
substantial positive error, which tends to be at the greatest at about
20 mm–50 mm height, very much in line with observations by Wolfs
et al. [21]. Notably, this appears less obvious in Group 2 which is likely
to be due to the different material conditions in the manufacture of Part
4 and Part 5.

6. Discussion

The work presented here demonstrated a framework for evaluating
performance capability and quality control based on GD&T principles.
To limit the complexity of the analysis and minimise part variability, a
consistent toolpath strategy was applied to all parts manufactured in
this work. While best efforts were made to maintain constant material
properties and a constant velocity of the printing nozzle to isolate these
effects from the analysis, some variation did occur, which will also
impact the resultant surface geometries. Higher volume flow rates were
used in the manufacture of Group 1 to maintain minimum pump speed.
This might affect shaping the deposited filaments and consequently the
surface errors, this is difficult to quantify, although it can be assumed to
be low for such a small nozzle diameter (8 mm) that constrains the
difference it might make on the filament shape.
The curing time of Part 7– 9 is 5 days longer than the other samples,

which may lead to 0.1– 0.2 mm additional shrinkage when compared to
the other samples [62], but the effect in the results is negligible when
compared to deviations generated by the other manufacturing factors.
Parts 4 and 5 in Group 2 were subject to higher ambient temperatures
which resulted in some additional superplasticizer being added to the
mix to maintain constant shear vane measurements which were used as
indicators of a similar rheological state. These unexpected incon-
sistencies were used to explore the effect on the measured errors.
3DCP, as with any additive manufacturing process provide process

control challenge because of the inter-dependant relationship between
materials, process and the target geometry, or design being manu-
factured. The challenge is to find ways to interrogate systems to unpick
and identify causal factors. In this work, it has been shown that with
carefully designed test geometries and standardised procedures, it is
possible to allow for direct comparison of materials and process, which
will underpin process bench-marking and production standards in the
future. In practice in the wider community, the authors envisage a set of
standard parts that can be manufactured in sample batches, that can be
measured to generate data with which to determine many key factors
that may influence process stability and part quality control.
For a quality control approach to be useful, it must be sensitive to a

significant range of expected process variation. The proposed approach
was shown to be sensitive enough to identify the effect of nozzle dia-
meter on surface flatness and the material rheology on surface profile. It
could identify the impact of toolpath configuration on the formation of
edges and the effects of over-printing where the extrusion is stepped up
to the next layer in the build. The evidence presented here suggests that
modelling of expected behaviour could act as a useful indicator of in-
fluence on geometric quality. For example, once a parameter, related to
process, material or design, is modelled into a relationship with a type
of geometric error, any abnormal variation violating this model would
indicate influences from other parameters.

6.1. Considerations for practical implementation

6.1.1. Measurement process
The point cloud of the 3D object is constructed by combining sets of

point clouds capturing different sections of it, in a process called re-
gistration. This is achieved by matching the features captured by ad-
jacent point clouds, using an iterative algorithm that minimises square
errors to a predetermined threshold. The uniformity of data density
within each of the captured point clouds is a key factor in achieving a

Table 6
Profile - quality of reproducing edges (combined for external vertical, inclined and internal vertical).

Edges 95% confidence intervals 99% prediction intervals

Maximum error
8 mm ⌀ (mm)

Maximum error
12 mm ⌀ (mm)

Maximum error
16 mm ⌀ (mm)

Maximum error
8 mm ⌀ (mm)

Maximum error
12 mm ⌀ (mm)

Maximum error
16 mm ⌀ (mm)

Ext. vertical −5.1 ± 1.1 −6.6 ± 2.7 −8.0 ± 0.7 −5.1 ± 5.4 −6.6 ± 12.9 −8.0 ± 3.5
Ext. incline −4.5 ± 0.8 −6.4 ± 1.4 −8.4 ± 1.8 −4.5 ± 4.5 −6.4 ± 7.8 −8.4 ± 9.6
Overall −4.4 ± 0.7 −6.0 ± 1.1 −7.8 ± 1.2 −4.4 ± 3.8 −6.0 ± 6.7 −7.8 ± 8.0
Int. vertical 6.7 ± 2.2 10.9 ± 3.9 7.5 ± 3.4 6.7 ± 10.2 10.9 ± 18.1 7.5 ± 15.4

Table 7
Profile: closeness to net-shape.

Error: flat faces 95% confidence intervals 99% prediction intervals

8 mm ⌀
(mm)

12 mm ⌀
(mm)

16 mm ⌀
(mm)

8 mm ⌀
(mm)

12 mm ⌀
(mm)

16 mm ⌀
(mm)

Maximum positive 3.5 ± 0.5 4.9 ± 0.7 4.2 ± 0.4 3.5 ± 3.1 4.9 ± 4.8 4.2 ± 2.7
Maximum negative −2.9 ± 0.3 −3.6 ± 0.6 −4.6 ± 0.6 −2.9 ± 2.2 −3.6 ± 3.8 −4.6 ± 3.8
Mean positive volume 0.62 ± 0.22 1.18 ± 0.43 0.74 ± 0.17 0.62 ± 1.39 1.18 ± 2.79 0.74 ± 1.09
Mean negative volume −0.36 ± 0.09 −0.40 ± 0.17 −0.52 ± 0.13 −0.36 ± 0.56 −0.40 ± 1.07 −0.52 ± 0.80
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good registration of multiple point clouds. Non-uniformity in the points
could lead to poor registration and require operator judgement and
manual manipulation, increasing the errors in the resultant point cloud.
As this is influenced by the light incidence angle of the scanner, care
must be taken to define a set of optimum scan positions that enable the
automation of registration. For practical applications, the accuracy of
registration must be considered carefully to ensure the suitability of
point cloud data. The RMSE difference threshold of 1.0 × 10−5 mm
over the registered area in this work was quite enough to ensure the
right position of each point in 3D space.
It must be also acknowledged that scale will affect the appro-

priateness of the measurement method, the spacing between the points
in the cloud and ultimately what information can be extracted.
Therefore, the part scale must also be considered when selecting the
scanner to use and designing the measurement setup.
Selecting the appropriate scanner, and defining the optimum set of

views can be achieved either by adequate adjustment through a re-
presentative specimen experiment, or by automatic assessment ap-
proaches that utilise scanner performance simulations and CAD geo-
metry to digitally optimise scanner positioning [63,64]. Based on the
above, automatic standardised procedures for data capture and pro-
cessing can be deployed for efficient routine use and enable the per-
formance comparison of different 3D printing apparatuses through
measurement.

6.1.2. Design features
The test parts used in this work focused on the production of flat

surfaces and edges, and explored a limited variation in process dimeters
at a limited scale. Even from this reduced parameter space, a compli-
cated relationship between the type of feature, machine and material
properties, location of the part and part scale was found. Translating
this into useful information, that can inform the design of parts, needs a
sound understanding of the process. An expected benefit of feature-
based extraction of data, that using GD&T allows for, is that future
process investigations that adopt this approach, or publish point cloud
data, can be more readily combined or compared.

6.1.3. Implementation of GD&T
Two tolerance measures were examined here, yet GD&T allows for a

comprehensive set of features to be defined. The set of features used in

this work prove the principle of the approach, and it is expected that in
other studies more complicated geometries may exploit the significant
flexibility of the full set of GD&T feature specifications that are possible.
It is also anticipated that further work will explore other features found
in architectural engineering and construction leading towards a stan-
dardised set of feature geometries for testing, calibration and perfor-
mance monitoring.

7. Conclusions

3D concrete printing has been under development for> 15 years
and the technologies are beginning to mature allowing them to move
from an era of one-off fabrication of ‘demonstrators’ towards more
routine deployment in manufacturing and construction. The typical
scale of manufactured construction parts using 3DCP means that dis-
carding parts that are not fit for purpose geometrically, or indeed in
terms of mechanical properties, is extremely undesirable. The task of
systematically evaluating the quality of the manufactured parts has not
yet been routinely deployed, and this is in part because there are no
published methods tailored to the idiosyncrasies of 3DCP manufacture.
This article has addressed the problem of quality assessment in

3DCP, and demonstrated that an approach based on GD&T is both
practical and useful. A methodological framework based on GD&T was
developed, and the approach was applied in a case study where a sys-
tematic evaluation was used to access the effects of materials and
process on the geometric variability of manufactured parts. The case
study allowed three key conclusions to be drawn:

• the GD&T principles routinely deployed in manufacturing can be
directly applied to the additive manufacture of construction parts
and together with corresponding metrics are sensitive enough to
detect error variations related to process parameters and material
rheology;
• GD&T allows part features to be considered in isolation, which en-
ables the process calibration of 3DCP to be based on sampling and
testing the reproduction of features instead of the entire part; and
that,
• GD&T makes it possible to identify important factors that influence
the formation of specific features when undertaking process cali-
bration, in particular, deformation under self-weight causing
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Fig. 9. Maximum positive deviation across face height for a) 8 mm (Group 1), b) 12 mm (Group 2) and c) 16 mm (Group 3) nozzle diameter parts for the inclined flat
faces.
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differences for flat faces, and effects caused by the robotic inter-
polation routine at corners; significantly causing under-printing for
external edges and over-printing for internal edges.

The work demonstrated that GD&T can be used as part of a sys-
tematic approach to evaluate manufacturing tolerances; this provides
clarity when interrogating process capability, which can lead to focused
action to improve performance, and provide metrics for monitoring
these gains. The investigation also demonstrated that for many practical
purposes, the native manufacturing tolerances for 3DCP are im-
practically large. For 3DCP to be adopted and used more widely in
construction, greater precision in manufacture will be a likely pre-re-
quisite. 3DCP is likely, therefore, to be a near-net-shape process: i.e. be
used to deposit an approximately shaped mass of material with further
process steps to apply or remove material using more precise methods.
GD&T provides the means to monitor and control these processes with
reliable precision.
The knowledge developed here offers the underpinning for quality

control procedures to be developed in this field as well as supporting
potential new research areas for 3DCP such as design for manu-
facturing, process planning through mathematical optimization and in-

process control techniques, tracking the research path found in con-
ventional additive manufacturing.

Acknowledgements

This research is supported by: The National Key Research and
Development Program of China (Grant number 2018YFB1306905) and
the China Scholarship Council (CSC); the UKRI funded project,
‘CAMBER - Concrete Additive Manufacturing for the Built Environment
using Robotics’ (Grant number EP/P031420/1; and the EPSRC funded
projects, ‘Collaborative Metrology Systems for High Value
Manufacturing’ (Grant number EP/L01498X/1), and ‘Manufacturing
integrated building components using digital hybrid concrete printing
(HCP) technology’ (Grant number EP/S031405/1). We would also like
to thank the reviewers for their insightful comments which lead to the
significant improvement in this article.

Declaration of competing interest

No potential conflict of interest was reported by the authors.

Appendix A

Table A.1
Approximate areas and numbers of measurement points for each face and edge.

Face label Area (m2) Point number Edge label Area (m2) Point number

F1 0.043 353191 Ce1 0.004 38883
F2 0.038 250718 Ce2 0.008 71283
F3 0.023 137471 Ce3 0.005 39114
F4 0.006 33471 Ce4 0.005 49413
F5 0.012 67510 Ce5 0.004 15852
F6 0.050 405301 Ci1 0.008 35267

Ci2 0.002 8925

Table A.2
Face Flatness error data - precision of mating surfaces.

8 mm Sample: 1 12 mm Sample: 1 16 mm Sample: 1

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume error

+ve −ve +ve −ve +ve −ve +ve −ve +ve −ve +ve −ve

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z - mm)

F1 30 3.3 −3.5 0.47 −0.47 F1 30 4.5 −6.0 0.53 −0.53 F1 30 4.3 −7.3 0.83 −0.83
F2 45 2.3 −2.6 0.27 −0.27 F2 45 3.4 −4.3 0.42 −0.42 F2 45 4.1 −5.5 0.65 −0.65
F3 60 2.2 −2.5 0.25 −0.25 F3 60 2.9 −5.0 0.54 −0.54 F3 60 3.7 −5.2 0.56 −0.56
F4 90 2.0 −3.0 0.33 −0.33 F4 90 3.8 −6.9 0.83 −0.83 F4 90 3.1 −4.8 0.45 −0.39
F5 90 2.6 −2.6 0.26 −0.26 F5 90 3.0 −4.2 0.46 −0.46 F5 90 2.7 −3.7 0.35 −0.35
F6 0 2.7 −1.3 0.19 −0.19 F6 0 3.7 −2.2 0.20 −0.20 F6 0 2.8 −4.5 0.38 −0.38

8 mm Sample: 2 12 mm Sample: 2 16 mm Sample: 2

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume error

+ve −ve +ve −ve +ve −ve +ve −ve +ve −ve +ve −ve

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z - mm)

F1 30 2.8 −5.1 0.43 −0.43 F1 30 3.8 −6.4 0.60 −0.60 F1 30 3.9 −6.4 0.77 −0.77
F2 45 3.1 −4.2 0.40 −0.40 F2 45 3.6 −4.3 0.47 −0.47 F2 45 2.9 −4.3 0.54 −0.54
F3 60 3.3 −4.4 0.45 −0.45 F3 60 3.7 −6.3 0.61 −0.61 F3 60 2.8 −4.1 0.48 −0.48
F4 90 4.4 −3.1 0.31 −0.31 F4 90 3.5 −9.3 0.74 −0.74 F4 90 2.6 −3.9 0.46 −0.46
F5 90 4.4 −3.3 0.42 −0.42 F5 90 4.0 −4.8 0.67 −0.67 F5 90 2.7 −2.9 0.36 −0.36
F6 0 2.7 −1.4 0.17 −0.17 F6 0 3.3 −1.9 0.26 −0.26 F6 0 4.2 −2.8 0.34 −0.34
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8 mm Sample: 3 12 mm Sample: 3 16 mm Sample: 3

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume error

+ve −ve +ve −ve +ve −ve +ve −ve +ve −ve +ve −ve

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z - mm)

F1 30 3.6 −4.6 0.44 −0.44 F1 30 3.5 −5.8 0.77 −0.77 F1 30 3.7 −5.9 0.76 −0.76
F2 45 2.3 −2.4 0.28 −0.28 F2 45 3.0 −3.4 0.38 −0.38 F2 45 3.2 −4.3 0.55 −0.55
F3 60 2.0 −3.4 0.33 −0.33 F3 60 2.4 −3.1 0.36 −0.36 F3 60 3.2 −4.0 0.52 −0.52
F4 90 2.3 −3.5 0.33 −0.33 F4 90 3.4 −2.7 0.23 −0.23 F4 90 2.6 −6.3 0.52 −0.52
F5 90 2.4 −3.0 0.34 −0.34 F5 90 2.1 −3.3 0.24 −0.24 F5 90 3.0 −3.3 0.43 −0.43
F6 0 1.7 −1.8 0.24 −0.24 F6 0 3.1 −1.6 0.25 −0.25 F6 0 4.8 −3.0 0.37 −0.37

Table A.3
Edge Profile error data - proximity to the part net-shape.

8 mm Sample: 1 12 mm Sample: 1 16 mm Sample: 1

Edge Angle Maximum
error

Mean volume error Edge Angle Maximum
error

Mean volume error Edge Angle Maximum error Mean volume error

(x,y)-z1-
z2

+ve −ve +ve −ve (x,y)-z1-
z2

+ve −ve +ve −ve (x,y)-z1-
z2

+ve −ve +ve −ve

(degrees) (mm) (mm) (z - mm) (z - mm) (degrees) (mm) (mm) (z - mm) (z - mm) (degrees) (mm) (mm) (z - mm) (z - mm)

Ce1 90-90-30 −5.0 −0.71 Ce1 90-90-30 −4.0 −0.16 Ce1 90-90-30 −8.2 −2.58
Ce2 90-30-45 −6.0 −0.61 Ce2 90-30-45 −7.9 −0.50 Ce2 90-30-45 −12.4 −1.66
Ce3 90-45-60 −3.6 −0.33 Ce3 90-45-60 −7.2 −0.90 Ce3 90-45-60 −8.8 −2.10
Ce4 90-60-90 −2.7 −0.09 Ce4 90-60-90 −0.8 0.00 Ce4 90-60-90 −5.5 −0.28
Ce5 90-90-90 −4.7 −0.81 Ce5 90-90-90 −5.1 −0.40 Ce5 90-90-90 −7.5 −2.44
Ci1 135-90-90 9.1 3.28 Ci1 135-90-90 19.6 6.32 Ci1 135-90-90 11.9 4.75
Ci2 135-90-90 5.7 0.95 Ci2 135-90-90 9.5 5.08 Ci2 135-90-90 4.0 1.04

8 mm Sample: 2 12 mm Sample: 2 16 mm Sample: 2

Edge Angle Maximum
error

Mean volume error Edge Angle Maximum
error

Mean volume error Edge Angle Maximum error Mean volume error

(x,y)-z1-
z2

+ve −ve +ve −ve (x,y)-z1-
z2

+ve −ve +ve −ve (x,y)-z1-
z2

+ve −ve +ve −ve

(degrees) (mm) (mm) (z - mm) (z - mm) (degrees) (mm) (mm) (z - mm) (z - mm) (degrees) (mm) (mm) (z - mm) (z - mm)

Ce1 90-90-30 −4.4 −0.83 Ce1 90-90-30 −5.1 −0.36 Ce1 90-90-30 −8.1 −2.38
Ce2 90-30-45 −4.6 −0.50 Ce2 90-30-45 −7.3 −0.55 Ce2 90-30-45 −14.2 −1.89
Ce3 90-45-60 −4.1 −0.56 Ce3 90-45-60 −6.5 −0.87 Ce3 90-45-60 −8.3 −1.36
Ce4 90-60-90 −2.0 0.00 Ce4 90-60-90 −8.5 −0.01 Ce4 90-60-90 −3.4 −0.13
Ce5 90-90-90 −5.9 −1.69 Ce5 90-90-90 −6.4 −1.15 Ce5 90-90-90 −8.2 −2.78
Ci1 135-90-90 9.0 2.66 Ci1 135-90-90 13.6 4.12 Ci1 135-90-90 9.3 3.50
Ci2 135-90-90 3.7 1.30 Ci2 135-90-90 8.2 4.25 Ci2 135-90-90 3.5 0.83

8 mm Sample: 3 12 mm Sample: 3 16 mm Sample: 3

Edge Angle Maximum
error

Mean volume error Edge Angle Maximum error Mean volume error Edge Angle Maximum error Mean volume error

(x,y)-z1-
z2

+ve −ve +ve −ve (x,y)-z1-
z2

+ve −ve +ve −ve (x,y)-z1-
z2

+ve −ve +ve −ve

(degrees) (mm) (mm) (z - mm) (z - mm) (degrees) (mm) (mm) (z - mm) (z - mm) (degrees) (mm) (mm) (z - mm) (z - mm)

Ce1 90-90-30 −4.4 −0.79 Ce1 90-90-30 −6.0 −1.49 Ce1 90-90-30 −7.7 −2.56
Ce2 90-30-45 −4.7 −0.48 Ce2 90-30-45 −11.3 −1.39 Ce2 90-30-45 −13.0 −2.14
Ce3 90-45-60 −4.6 −0.58 Ce3 90-45-60 −8.4 −1.67 Ce3 90-45-60 −7.6 −1.98
Ce4 90-60-90 −8.3 0.00 Ce4 90-60-90 −3.5 −0.15 Ce4 90-60-90 −3.8 −0.16
Ce5 90-90-90 −4.8 −0.81 Ce5 90-90-90 −8.3 −3.24 Ce5 90-90-90 −8.3 −2.52
Ci1 135-90-

90
9.2 2.43 Ci1 135-90-

90
8.6 0.92 Ci1 135-90-

90
12.4 4.42

Ci2 135-90-
90

3.2 0.91 Ci2 135-90-
90

5.8 0.81 Ci2 135-90-
90

3.6 0.83

Note: In ‘Angle (x,y)-z1-z2’, ‘(x,y)’ represents the edge angle of the toolpath for each layer; ‘z1’ and ‘z2’ both represent the horizontal angles of the two flat faces
adjacent to the edge.
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Table A.4
Face Profile error data - proximity to the part net-shape.

8 mm Sample: 1 12 mm Sample: 1 16 mm Sample: 1

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume error

+ve −ve +ve −ve +ve −ve +ve −ve +ve −ve +ve −ve

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z - mm)

F1 30 5.0 −4.5 0.47 −0.62 F1 30 5.6 −4.8 1.51 −0.14 F1 30 3.7 −7.3 0.46 −0.99
F2 45 6.7 −2.6 1.50 −0.13 F2 45 5.0 −3.1 1.29 −0.08 F2 45 3.1 −5.5 0.38 −0.83
F3 60 3.5 −3.8 0.22 −0.56 F3 60 7.8 −4.2 2.59 −0.13 F3 60 4.5 −4.6 0.65 −0.45
F4 90 4.7 −1.4 2.21 −0.02 F4 90 7.4 −1.6 3.86 −0.07 F4 90 6.1 −2.6 1.74 −0.07
F5 90 2.8 −3.2 0.21 −0.53 F5 90 6.8 −3.1 2.25 −0.10 F5 90 2.6 −3.2 0.44 −0.19
F6 0 2.2 −1.7 0.03 −0.66 F6 0 4.0 −2.2 0.26 −0.30 F6 0 4.4 −3.0 0.32 −0.44

8 mm Sample: 2 12 mm Sample: 2 16 mm Sample: 2

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume error

+ve −ve +ve −ve +ve −ve +ve −ve +ve −ve +ve −ve

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z - mm)

F1 30 3.5 −3.6 0.64 −0.29 F1 30 4.7 −5.4 1.27 −0.29 F1 30 3.6 −7.2 0.49 −1.01
F2 45 3.8 −3.0 0.57 −0.26 F2 45 5.0 −3.1 1.34 −0.10 F2 45 4.8 −4.2 1.07 −0.35
F3 60 3.8 −3.5 0.83 −0.29 F3 60 6.5 −4.8 1.38 −0.32 F3 60 4.2 −5.1 1.09 −0.31
F4 90 2.6 −2.7 0.55 −0.29 F4 90 5.8 −2.3 1.63 −0.15 F4 90 4.7 −4.0 1.19 −0.30
F5 90 2.6 −3.3 0.46 −0.68 F5 90 7.1 −3.3 2.23 −0.19 F5 90 2.9 −3.3 0.60 −0.26
F6 0 2.1 −2.4 0.03 −0.66 F6 0 3.1 −2.2 0.23 −0.30 F6 0 5.0 −4.1 0.29 −0.68

8 mm Sample: 3 12 mm Sample: 3 16 mm Sample: 3

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume
error

Plane Inclination
angle

Maximum
error

Mean volume error

+ve −ve +ve −ve +ve −ve +ve −ve +ve −ve +ve −ve

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z -
mm)

(degrees) (mm) (mm) (z -
mm)

(z - mm)

F1 30 4.0 −3.9 0.43 −0.48 F1 30 3.3 −7.1 0.23 −1.38 F1 30 2.9 −7.0 0.46 −1.07
F2 45 3.5 −2.6 0.76 −0.13 F2 45 4.7 −3.9 0.28 −0.76 F2 45 3.4 −4.5 0.61 −0.56
F3 60 3.7 −3.7 0.70 −0.27 F3 60 3.6 −3.5 0.30 −0.51 F3 60 4.3 −4.7 0.90 −0.50
F4 90 3.1 −2.0 0.85 −0.10 F4 90 2.6 −4.5 0.00 −1.18 F4 90 5.9 −5.1 1.32 −0.42
F5 90 2.9 −2.8 0.55 −0.24 F5 90 1.3 −4.1 0.20 −0.97 F5 90 4.2 −3.2 0.93 −0.25
F6 0 1.9 −1.9 0.19 −0.35 F6 0 3.4 −1.5 0.40 −0.15 F6 0 5.4 −3.9 0.31 −0.60
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