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A B S T R A C T   

The need for quality control and assurance in 3D Concrete Printing (3DCP) is widely recognised. Achieving 
geometric accuracy to a specified tolerance is a cornerstone of component-based production and assembly. 
Although published work within the field recognises such issues, these fall short of proposing systematic methods 
to evaluate, diagnose, improve, monitor and compare system performance. This work takes inspiration from the 
test geometry approach readily deployed in Additive Manufacturing and develops a full-scale test part to 
establish a reproducible benchmark for evaluating and assuring part geometric quality of 3DCP systems. The 
approach is used to evaluate the benefits of a new fabrication approach that combines subtractive milling on 
green cement mortar in combination with 3DCP. It was demonstrated to yield useful information for direct 
comparison of different processes and diagnosing problems for performance improvement. The test part and 
measurement approach offer the 3DCP community a means of cross-platform benchmarking of 3DCP system 
performance.   

1. Introduction 

Over the past 15 to 20 years, 3D Concrete Printing (3DCP) has 
become established as one of the principal new technologies within the 
wider field of Digital Fabrication with Concrete (DFC) [1]. It is rapidly 
developing in terms of the scale, volume and variety of applications for 
either off-site manufacture or as part of the construction process on-site 
[2]. The methods are based on the principles of Additive Manufacturing 
(AM), where an accurate digital model of the part geometry (the net- 
shape) is processed directly, ‘sliced’, to produce a series of layers 
which are sent to a machine that selectively places, solidifies, or binds 
material in sequential layers to produce a close approximation to the 
net-shape geometry [3]. In construction, cement-based mortars are used 
most commonly through a material extrusion approach, where fresh 
material is pumped to create a continuous filament and typically posi-
tioned using CNC-controlled robotic arms or gantry systems. 

Although the capabilities of manufacturing have been demonstrated 
in terms of scale, these are still largely through demonstration projects 

where the accuracy and precision in achieving the net-shape geometry is 
less well understood. Many groups are now beginning to measure 
printed components to assess the accuracy and defects in printing, recent 
examples of which are [4–9]. The resultant geometry of a printed part is 
affected by a number of issues including plastic deformation [10], the 
‘staircase effect’ at the surface [11] and shrinkage [12]. The influence of 
the positioning system used in the deposition process on part accuracy is 
less well understood, although there is growing awareness of positioning 
errors and movement in the light-weight systems that are commonly 
deployed. Currently, there are no published methods that can assist in 
the systematic evaluation of these errors to underpin testing, evaluating 
and benchmarking performance. 

Concurrently, new methods for treating known imperfections, 
particularly surface finish, through secondary processes, applied after 
printing are under development through trowelling and milling 
[13–16]. These hybrid methods offer new possibilities for surface 
quality/finish, and manufacture accuracy and precision, however, there 
are no methods with which to systematically assess the benefits, or to 
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benchmark capability improvements on one system, or compare the 
capabilities of one system with those of another. 

The work reported here takes inspiration from the test geometries 
commonly found to assess the capabilities of mainstream Additive 
Manufacturing [17–24] and develops a new test geometry tailored for 
3DCP and associated hybrid 3DCP approaches. To inform the design of 
the test part, a state-of-art review of geometric formation in 3DCP was 
undertaken, and a selection of features and errors informed through 
Geometric Dimensioning and Tolerancing (GD&T) methods was applied 
to create a formal approach to geometrical assessment through a 
repeatable and platform-independent test. 

The approach is then used to evaluate the benefits of a hybrid process 
over 3DCP only manufacture. The former uses an inflated model of the 
net-shape for printing, and then applies milling to trim the surface back 
to the net-shape, the latter uses a 3DCP tool path sized to achieve the 
net-shape. A realistic ‘print first time’ approach was taken, and the 
approach was shown to be able to evaluate the differences at scale, and, 
in particular, its ability to highlight systematic errors in code production 
through the digital translation from CAD to machine instructions as well 
as unseen errors in the positioning system. Approaches such as this are 
critical at debugging the software and mechanical systems in addition to 
evaluating the performance of the material during printing. The test 
geometry developed is freely available to download [25], in the hope 
that others will deploy it to evaluate their systems. 

2. Background to 3DCP and geometry reproduction 

There are many well-known advantages of manufacturing additively, 
which include affordable and flexible production runs, customisation for 
free, efficient use of material and the elimination of tooling [26]. The 
removal of the need for moulds enables the realisation of directed digital 
control of the manufacturing process, delivering the foreseen benefits. 
Some of the gains in time and resource use in the pre-production steps, 
however, are mitigated by the need for post-processing operations, such 
as extraction of the part from the manufacturing equipment, trimming, 
cleaning and finishing [3]. The finishing, dimensional precision and 
geometric accuracy can influence the Technology Readiness Level of 
such technologies [27–29]. 

Of key interest in Additive Manufacturing is the ability to recreate 
features, and so printing resolution and minimum feature size has, and 
still is, of considerable interest in defining the capability of processes. In 
order to evaluate these, there have been a host of test parts developed to 
explore different processes and the reproduction of different features, 
Fig. 1 shows a few. The test part in Fig. 1a is one of the first test artefacts 
designed to quantify the manufacturing precision (focusing on the x-y 
plane) of Stereolithography (SLA) processes. Mahesh et al. [18] devel-
oped a test part (Fig. 1b) of 170 mm × 170 mm with comprehensive 
geometric features (e.g., holes, slots, walls, columns, slopes) and over-
hangs for Rapid Prototyping systems. The test artefact in Fig. 1c, 
developed at the National Institute of Standards and Technology of US, 
had a height of 17 mm and a volume of approx. 101,000 mm3, with 4 

mm pins and holes aligned along the x- and y-axes and diamond-shape 
lateral features (for easy upright mounting for measurement). These 
benchmark parts are all designed with reference to GD&T and/or ISO 
standards. 

The same challenges are also true for the larger scale processes that 
can be found in construction and architecture, although the importance 
of features have a different scale, which maybe one or two orders of 
magnitude larger than that in consumer products and aero/automotive 
industries. In order to identify the geometries and features that are of 
importance in contemporary 3DCP manufacture, a literature review was 
undertaken in August 2021 using Google Scholar. The keywords used 
were ‘concrete printing’, successively combined with various geometric- 
related keywords, such as: ‘accuracy’, ‘precision’, ‘surface finish’, ‘sur-
face quality’, ‘geometric constraints’, ‘shape complexity’, ‘form 
complexity’, ‘cantilever/overhang’, ‘doubly curved’, ‘hollowed’ and 
‘multifunctionality’. 

From the early work in 2011 [11], the increase over the last four 
years has seen a nearly seven-fold, from a total of six articles in 2017, to 
over 40 in 2021. Of those, 24 relate to material extrusion and jetting 
based 3DCP, and of these 75% related to geometric complexity, 
exploring forming limitations or demonstrating the ability to achieve 
some forms. 58% dealt with the geometric conformity, the capability of 
the process to achieve the net-shape and surface finish. Eight papers 
included both aspects. 

The data from those 24 papers was extracted and is presented in 
Table 1, which provides an overview of application categories manu-
factured using 3DCP. There are three scales/types of products: single 
components, assembled structures and surface textures. For each article 
of interest, Table 1 provides the application, scale of component and the 
potential geometrical features of interest, based on GD&T principles [4]. 
Those that reported an assessment of geometric conformity are sum-
marized in Appendix A, Table A.1 and Table A.2, suggesting that errors 
from 3DCP alone can be of the order of ±20 mm, although the numbers 
of examples are very small and insufficient for generalised conclusions. 
In general, these works are focused on a platform-dependent repro-
duction of a component unique to that study and so comparison of 
process capability, or benchmarking performance is practically 
impossible. 

The deformation of the material during printing and the surface ef-
fect created by layering may be improved, but are likely to remain 
challenging, and may prove to prohibit the routine application of 3DCP 
components in some applications: ones where interfaces are required 
with other building systems, for example [30]. Individual 
manufacturing processes have been shown to have drawbacks in pro-
ducing various components in terms of form-freedom, waste and 
strength [31–33]. It is likely, therefore, hybrid processes [1,34] that take 
advantage of the flexibility of 3DCP, with additional accuracy, precision 
and surface finishing options will become more popular. 

The tools, methods and procedures needed to systematically 
benchmark performance in order to evaluate, diagnose, improve, 
monitor and compare system performance are required to advance the 

Fig. 1. Test part geometries to explore reproduction capability in Additive Manufacturing: a) from [17], b) from [18], and c) from [23].  
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geometric quality in the reproduction of parts from using 3DCP and 
hybrid manufacturing systems. 

3. Designing the test part and evaluation procedure 

The literature summarised in Table 1 highlights two of the most 
common applications for 3DCP, the production of walls printed verti-
cally (large length, small width, large height) and panels printed hori-
zontally (large length, large width, small height). Both these 
applications drive the process to print in two modes: 1) homogeneous ‘as 
good as cast’ mode, often required for panel production [39–42]; and 
‘vertical shell’ mode commonly used for the production of walls and 
columns, but also applied for printing formwork and for the production 
of many volumetric objects such as street furniture [6,9,43,46,47]. The 
shape of these may include straight or curved edges and vertices. Other 
features may be desirable such as cantilevers, rebates, or occlusions that 
might form desirable features. 

The test part should reproduce these features at a scale directly 
relevant to reality and it should also be applicable for as broad range of 
3DCP and hybrid processes as possible. In an ideal situation, the material 
volume would be minimal and the geometry fairly straightforward to 
encode, manufacture and to measure: although at the current stage of 
development, the focus here is on the geometry. Table 2 lists a useful 
subset of these features together and Fig. 2 depicts an interpretation of 
these features into a single part test geometry of 1 m by 1 m by 1 m 
(dimensions b, c and d in Fig. 2). 

Because the evaluation is based on the end-to-end production, from 
CAD geometry to physical component, all potential errors are captured: 
through the translation from CAD to toolpath with the set-up of tooling, 
the translation of toolpath to absolute positions in the build volume, 
through deformation of the wet material and pump rate/deposition 
volume mismatch, and any shrinkage. Hence, using the geometry not 
only benchmarks the process, but also yields very rich diagnosis data 
which allows the improvement of process performance. This is assisted 

through the inclusion of planar surfaces, which are geometrically (and 
mentally) easier to visualise when undertaking diagnosis. The inclusion 
of 90◦ vertices are very practical for interfacing with other construction 
systems, they are simple to evaluate and are challenging to reproduce 
using 3DCP. 

System performance and quality checks can be undertaken at one of 
four stages in a manufacturing process: 1) pre-manufacturing as part of 
system commissioning, setting to work and monitoring; 2) during 
manufacturing, as part of pre-print checks, that might consider material, 
systems, software and code implementations and curing environment; 3) 
post manufacture, verifying the product meets its specification; and 4) in 
some cases, post-installation where a component is monitored through 

Table 1 
Overview of 3DCP product categories in the subsampled literature.  

Application Form (feature) Scale (L: length, H: height, 
W: width) 

Possible interested geometric tolerance Reference Product 
number 

Single components Wall & column 2.5D (curved or flat side surface) Not given Perpendicularity of side face and edge; 
Profile (cylindricity) or flatness of side 
face; 
Straightness and angularity of edge 

[35] 1 
D 0.5 m *H 400 mm [10] 2 
Not given [15] 3 
Not given [36] 4 

3D cantilever (max inclination from 
vertical: 30◦) 

D (0.4–1.2) m * H 1 m Profile of side face [14] 5 
L 2.5 m * W 0.18 m * H 
2.3 m 

[6] 6 

Not given [36] 7 
D (0.4–0.8) m * H 2.75 m [9] 8 

Dome / vault (shell) 3D cantilever (max inclination from 
vertical: 90◦) / 
Doubly-curved 

D 14.6 m * H 3.7 m Profile of side face [37] 9 
L 1 m * W 0.5 m* H 0.2 m [38] 10 

Cladding panel Doubly-curved (max inclination 
from horizontal: 30◦) 

0.75 m * 0.75 m * 24 mm Profile and parallelism of side face; 
Angularity of edge 

[39] 11 
≤ 1.2 m * 1.2 m * 30 mm [40] 12 
1 m * 1 m [41] 13 
0.21 m * 0.21 m * 10 mm [42] 14 

Volumetric part (test 
specimen) 

Star shape D 0.5 m *H 200 mm Flatness and angularity of flat surface [11] 15 
Polyhedron, domes / vaults, etc. L 430 mm * W 400 mm * 

H 100 mm 
Profile, flatness and angularity of side 
face 

[4] 16 

H 90 mm [7] 17 
H 210 mm [7] 18 
H 225 mm [7] 19 
H 225 mm * L 1 m * W 
180 mm 

[8] 20 

Assembled structures Pavilion (volumetric) Consisting of 47 unique parts D 6.2 m * H 2.7 m Profile of curved surface; 
Profile, position and flatness of jointing 
face 

[43] 21 
Pavilion (shell) Consisting of 110 unique parts L 12 m * W 5 m * H 3 m [44] 22 

Surface textures Inclined surface/tapering Inclination: 0–90◦ Position, profile and angularity of any 
individual features 

[13] 23 
Holes/slots; 
Carved pattern 

Hole diameter: ≤ 200 mm; 
Pattern width: ≥ 3 mm 

[15] 24 
[36] 25 

Raised pattern Pattern width: ≥ 9 mm [45] 26  

Table 2 
Dimensions, geometric characteristics and surface finishes of the test geometry.  

Category Section/feature Interested item 
Dimensions Wall Length 

Width (thickness) 
Height 

Panel Length 
Depth (thickness) 

Rib Width (thickness) 
Height 

Geometric characteristics Panel rebate Depth 
Width 

Wall sides Perpendicularity to base /  
between adjacent ones 

Chamfer top Angularity (from horizontal) 
Panel hole Radius 

Position of centre 
Panel fillet Radius 
Rib fillets Radius 

Surface finishes Wall Front / back / left / right / top faces 
Panel Top face  
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its service life. This work focuses on the pre-manufacturing phase and 
can be used in commissioning/verification, periodic monitoring and 
systems checking, and for the calibration of two independent systems so 
that they manufacture to the same tolerances. 

3.1. Evaluation procedure 

Evaluation of the manufacturing process is required for both printed 
and milled part validation, consisting of a systematic assessment of the 
manufactured component. The approach was split into a two-step pro-
cess and has been made generic to allow for the measurements to be 
made using any available equipment and software. 

3.1.1. Initial visual inspections 
The initial visual inspection allows for any obvious errors or flaws to 

be observed. This is primarily a qualitative analysis of the component, 
where simple images are captured with an associated description of the 
error and the probable causes of this error. This allows for any evident 
errors within the test geometry to be considered during the quantitative 
analysis. These errors are listed and, their causes or potential causes are 
noted in a comprehensive manner. These form the bases of a systematic 
error checking and diagnoses, which may be correctable (human error) 
or could be part of the CAD-to-Part implementation chain: software, 
control, mechanical systems, material, etc. 

3.1.2. Obtaining measurement data of test geometry 
The second step is to evaluate the dimensional precison and geo-

metric accuracy of the test part and thus determine the overall accuracy 
of the manufacturing system. To support this, the 17 features illustrated 
in Fig. 2 are suggested for measurement using the nominal dimensions in 
Table 3. 

4. The case specific details 

The Standardised Test Part approach (termed here as STP method) 
was used to evaluate the geometric accuracy and precision benefits 
offered by adding a subtractive process to an extrusion based 3DCP. The 
equipment has been used for 3DCP for some time and has been upgraded 
to undertake hybrid operations (milling in this case). The milling 
equipment and process on green mortar has been tested and validated 
independently [16] and now the system is ready to implement the full 
hybrid process to establish:  

1) at which error level (min. tolerances or max. accuracy) the end-to- 
end, CAD-to-Part process (hardware, software, material) works;  

2) the improvement in part accuracy and precision afforded by the 
addition of the milling process; and,  

3) the comparison of the overhead in production time for both 
approaches. 

4.1. The 3DCP and hybrid systems 

The system apparatus is presented in Fig. 3. It comprises an ABB IRB 
6640 6-axis robotic arm with a 2.4 (L) * 1.5 (W) m2 high-precision 
aluminium turntable mounted on an ABB MID 1000 Rotary Unit. The 
arm reach is up to 2.55 m and has a payload of 180 kg. A preblended mix 
is fed from m-tec Piccolo Silo, which supplied a m-tec D10 inline mixer. 
Admixtures can be dosed with water at the entry to this. The mixture is 
discharged into a m-tec P20 worm pump for conveying to the Con-
crenetics ‘One-X’ dynamic mixing head mounted at the end of the ro-
botic arm. The system allows for dosing the mortar with admixtures 
prior to deposition through a Ø20 mm circular nozzle. 

The subtractive tooling can be interchanged with the printing head 
utilising the same robotic arm. It comprises of an ELTE srl AF110 spindle 
motor and a 12 mm diameter, 283 mm long, 2-flute ball nosed cutter, 
which can be deployed to cut either at the tip, or along the shank of the 
tool if the set of the mortar is in a sufficient early stage [16]. The cutter 
can operate up to 2000 rpm. 

4.2. Material control 

The mortar for printing consists of a preblended dry (powder) ma-
terials of Portland cement (CEM I), fly ash, silica fume with binder 

Fig. 2. The standard test geometry depicting features and measurement locations.  

Table 3 
Description and expected values of the measurements.  

Description Label Expected value 
Wall thickness a 180 mm 
Wall height b 1000 mm 
Wall length c 1000 mm 
Panel length d 1000 mm 
Panel thickness e 40 mm 
Rib height f 160 mm 
Rib width g 80 mm 
Chamfer angle h 45◦

Rebate depth i 17 mm 
Rebate width j 60 mm 
Hole radius r1 100 mm 
Panel fillet r2 250 mm 
Wall-to-rib fillet r3 180 mm 
Rib-to-panel fillet r4 120 mm  
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Cement and Concrete Research 156 (2022) 106773

5

percentages of 70%, 20% and 10% respectively and sand (<2 mm) 
formulated for high performance concrete. Details of the formulation 
and applications can be found elsewhere [16,48,49]. The liquid contents 
(water, MBCC MasterGlenium SKY 1966 superplasticiser, and Master-
Sure 1970 consistency retainer) were injected into the D10 continuous 
mixer at controlled flow rates (expressed in mass constituents as shown 
Table 4-1) based on the pre-established powder flow rate. 

Due to a limited 15-second residency time of the continuous mixer, 
the open time [48] was not achievable and a modified formulation 
outlined in Table 4-2 was used to increase the open time to ten hours. 
MBCC MasterRoc SA194 aluminium sulphate-based accelerator was 
injected at the printing head and dynamically mixed to match the 
pumped concrete flow rate of 3.2 kg/min, which created the set-on- 
demand concrete with the required printability and buildability. The 
pre-determined content of the accelerator and obtained rheological 
properties [50,51] is shown in Table 4. 

4.3. Digital workflow and toolpath preparation 

The solid model of the test part is sliced and the toolpaths were 
configured in a conventional manner common to most 3DCP ap-
proaches. The pink and red sections in Fig. 4 depict this and the resultant 
print and then measurement for evaluation. In this case, the toolpaths 
are designed to produce the outer edge of the deposited filament as 
‘dead-size’ for the solid model, the desired net-shape. The hybrid 
approach carried out the same operations, but on a net-shape that is 
inflated by 10 mm globally, so the resultant print of over-sized by about 

half a filament width, seen in Fig. 5. A second set of toolpaths is 
generated that guide the milling operations (the green shaded sections of 
Fig. 4), that cut the inflated part back to the net-shape. These are applied 
after the printing while the mortar remains in a green state, at which 
point measurements can be taken. 

In this work, Autodesk PowerMill was used to generate the toolpaths. 
The inclusion of the milling brings additional tooling management 
overhead, requiring preselection of tools, stepover, feed rates and mill-
ing strategies. Once complete, simulations are run with the software to 
identify any collision issues and then the robot performs a ‘dry run’ to 
identify any potential part collisions prior to manufacturing with the 
physical equipment. For this part (1 m3), milling is required on all sides 
and hence it is not possible to complete without rotating the part, see 
Fig. 6. 

4.4. The measurement system 

A customised structured light measurement system designed for 
large-scale components was set up to be capable of a measuring range 
between 1.5 and 4.0 m, details in Table 5. It was mounted on an adjacent 
ABB IRB 6640 robot (Fig. 4a, left-hand side) that allowed convenient 
positioning in the manufacturing cell. 

Calibration was carried out with a 1080 mm by 810 mm calibration 
board with black-white grids. The calibration process involves taking 
images of the calibration checkerboard at various angles and distances 
to the image sensor planes. The calibration estimates the mean error of 
all points used during the calibration, which is used to estimate the 
accuracy of the scanner. In this work, the mean error of calibration 
points was 60 μm, with standard deviation of 130 μm, which gives an 
expected point uncertainty of 0.45 mm, for a coverage factor of three. 

Twenty overlapping scans were taken, each generating a point cloud, 
which were amalgamated into a single 3D representation of the manu-
factured part. To measure the test part, the scanner was positioned 
adjacent to the part and the part could be rotated using the turntable. To 
capture all aspects of the object, the turntable was rotated 30 degrees 
azimuth, with the camera system set at an altitude (zenith) angle of 45 
degrees relative to the part. Scans were taken at two heights, 1 m and 2 
m over the workpiece during the scanning process, which ensured 
complete coverage of the sides and top of the object. To validate this 
process and assess the expected accuracy of the resulting point cloud, a 
calibrated ball bar was positioned in the measurement frame of the part, 
so that it was visible in multiple scans. The ball bar consisted of the 19 
mm diameter spheres mounted to a calibrated rod, such that the distance 

a) b)

Fig. 3. a) The robotic arm set up for printing (continuous mixing, right-hand side) and measurement (left-hand side), and b) set up for milling.  

Table 4 
Modified mix for the two-component high-performance set-on-demand 3DCP.  

4-1: Material composition (informing flow rate) 
Printed concrete Pumped concrete Pre-blended dry materials (kg/ 

m3) 
2074 

Water Water/binder ratio 0.26 
Content (kg/m3) 212 

Superplasticiser (kg/m3) 18.26 
Consistency retainer (kg/m3) 1.66 

Accelerator (kg/m3) 50   

4-2: Target fresh properties 
Pumped concrete Yield stress (Pa) 200 

Plastic viscosity (Pa⋅s) 26.6 
Printed concrete Structuration rate (Pa/s) 200  

R. Buswell et al.                                                                                                                                                                                                                                 



Cement and Concrete Research 156 (2022) 106773

6

Fig. 4. CAD-to-Part workflow for 3DCP only (on the top row) and the subtractive milling (on the bottom row).  

Fig. 5. Inflation of the printing paths in a) the horizontal direction - top view of the wall-chamfer junction, and b) the vertical direction - 3D view of the panel rebate 
(cyan: original 3DCP printing path; brown: inflated printing path). 

Fig. 6. Simulation of the milling paths demonstrating that the part needs to be rotated by 90◦ degrees so that the robot can reach and mill the far side of the part.  
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between sphere centres was 500.225 mm. By fitting spheres to the points 
in the amalgamated point cloud that represented the two spheres, the 
largest distance was measured as 500.935 mm, resulting in an error of 
0.709 mm. 

The fused point cloud provides data over the whole areas of the part 
(Fig. 7a), as opposed to a sampled measurement achieved using a tape 
measure, and can be used for calculating maximum/minimum (Fig. 7b) 
and mean (Fig. 7c) dimensions as well as measures of surface finish. 
CloudCompare software [52] was used to fit a best-fit plane to a refer-
ence plane, and then the positions of points on opposing faces are pro-
jected onto the reference, each providing a distance measurement. There 
are 130 points per 10 mm2 of surface area and so all features are 
captured down to a resolution of 0.07 mm2 per point. To account for 
deviation across the plane, that is due to the uneven nature of the 
finished surface plus any form deviations from the target flat plane 
surface, the mean plane fit is considered along with three standard de-
viation limits to define the maximum positive and negative perpendic-
ular projected distances of measured surface points from the mean fit 
plane. 

5. Results 

5.1. Process set up and implementation 

The case study was set up in a realistic, ‘print a new part first time’ 

approach. The equipment has been successfully used prior to this work 
for the production of large panel systems (e.g. 400 kg panels). The 
milling system for mortar in its green state was developed focusing on 
the approach taken for producing the test part, reported in [16]. 

Apart from a small ‘test of principles’ print, the Standard Test Part 
method (or STP method, named so here) would test the build rate and 
static yield stress control required to print a vertical wall section in 
reasonable time. This was also the first time the test geometry described 

in this paper was manufactured and the first time the milling had been 
applied to a large surface area. The reporting here has intentionally been 
kept honest and open, as implementing these systems is complex and 
representative of many if not all ‘first-time’ trials. For others wishing to 
implement the test geometry to test their machines, this also gives 
representative guidance on what outcomes to expect. 

5.2. Printing and milling operations 

The whole production (printing and milling) process was operated 
on a piece of rigid foam placed on top of the turntable until completion; 
the use of the foam as a base material was for safely holding the mill 
cutter when milling the edge of the bottom panel. The overall produc-
tion speed and timing details are presented in Table 6. The inflation in 
the printing paths used in the hybrid (H-3DCP) process has led to an 
approximate 50% increase in the printing time. 

Two parts were manufactured on two separate days. The hybrid 
process required tool change over on the end of the robotic arm after 
printing and as can be seen from Table 6, the manufacturing time for the 
hybrid part took about 7.5 hours as opposed to 1.5 hours for the purely 
printed component. 

5.3. Quality control stage 1: visual inspection 

Fig. 8 illustrates the subjective differences between the 3DCP part 
(top) and the hybrid part (bottom). Observable issues with the 3DCP 
part include: a) over-printing across the width of the wall, which was 
attributed to a coding error resulting in a layer being double printed 
(subsequently corrected for the hybrid part); and b) over-printing at 
edges and features which is due to the relative mismatch between the 
deposition volumetric flow rate and the robot travel speed as the robot 
slows down to change direction, exacerbated by relatively small feature 
sizes (with respect to the nozzle diameter). The known staircase effect 
can be clearly seen, limiting the resolution of straight and curved feature 
replication. 

The over-printing issues are largely negated by the milling and the 
formation of edges and flatness of surfaces are improved by a significant 
extent, as are the replication of the rebate and curved features. However, 
the milling operations were not without error. The most significant was 
in relation to the mismatching of absolute tool position when a) different 
robot joint configurations were utilized to reach the same position, and 
b) when the part was rotated on the turntable. These issues occur when 
the whole part has to be milled in different azimuths where the robot 

Table 5 
Specifications of the customised measurement system.  

Component Specifications 
Structured light scanner Projector CASIO XJ-F100W f2.5, 3500 lm 

Dual camera 12 mega-pixel Basler L acA4096-30 um,  
using 16 mm lenses 

Mini PC Intel NUC Gen 8 i7 
Scanning software Polyga FlexScan3D  

Fi�ed

Plane

Reference side Measured side

Top of

wall

Measure distancea)

b)

c)

Fig. 7. Measurement approach showing the identification of mean surface and deviation measurements.  
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Table 6 
Production speed and timing details.   

Setup time [min] Volume flow rate [ml/min] Printing speed [mm/s] Printing time [min] Downtime [min] Milling speed [mm/s] Milling time [min] 
3DCP ~ 30 1800 150 ~ 95    
H-3DCP ~ 30 1410 (for rib-chamfer-wall) 

1800 (for panel) 
150 ~ 140 ~ 120 50 (@ 1500 RPM) ~ 200  

Fig. 8. The 3DCP part (top) and the hybrid part (bottom) inspection images.  

Table 7 
Hand and tape measurements to the nearest mm of both printed and milled parts. Labels and description relate to the di-
mensions given in Fig. 2. 3DCP estimates are with an uncertainty of ±3 mm to ±5 mm, and hybrid (H-3DCP) less than ±2 mm. 

R. Buswell et al.                                                                                                                                                                                                                                 



Cement and Concrete Research 156 (2022) 106773

9

joints are in significantly different positions, or the relative position 
between the robotic arm and the turntable are slightly out of alignment 
which results in a stepping on an otherwise flat surface. The error in the 
misaligned turntable under rotation was significant causing an 8 mm 
step in the surface, clearly identifying the need for greater calibration of 
the positioning system. 

Table 7 gives a series of hand measurements over the linear distances 
of the part, using a sample. The uncertainty in these measurements was 
estimated to be in the range of ±3 mm to ±5 mm on the 3DCP part and 
less than ±2 mm on the milled part, using a hand-held tape measure. For 
the linear dimensional measurements on the printed part, notional 
minimum and maximum estimates were made, by eye. The results are 
quite striking in that the milled part is far more consistent in dimen-
sional accuracy and has more precise surfaces, which might be expected 
as the shaping is carried out on solid material: rheology is no longer a 
factor. 

There are some dimensions that are worse than anticipated, such as 
the wall height: here the milled part was inflated, but the top of the 
panel was not milled back (an error in production) and so the +9 mm 
represents the oversized printing (+10 mm in the inflated model). In 
addition, during printing, a reasoned conclusion might be that better 
control and precision of extruded filament width would improve the 
accuracy of the printed part. Panel length does appear to have some 
error in both parts, which might be attributed to a systematic positioning 
error in the robotic arm, since the tool-path codes were different in each 
case. However, with the hybrid system errors resolved, the data would 
suggest that an order of magnitude better manufacturing accuracy might 
be expected with the application of the secondary milling over the pure 
3DCP part, even if control of the printing process was improved. 

5.4. Quality control stage 2: digital measurement 

The digital measurements are split into three categories: linear di-
mensions; surface flatness; and feature replication. The linear mea-
surements align with the hand-tape measurements, except they are 
informed by the entire surface of interest and so are more complete, 
measured to a higher degree of accuracy and can be adapted more 
readily to the evaluation of non-linear/planar features. Table 8 details 
the mean and maximum dimensions for the linear measurements 

detailed in Fig. 2 using the point cloud data captured by the structured 
light scanner. The 95% confidence limits on the estimates of the mean 
distances are in the order of 1.0 μm, and so the standard deviation is 
reported as this provides more information regarding the precision of 
the surface used to generate the mean value. 

The angles achieved were assessed by fitting planes to the surface 
and then calculating the angels between these planes (for example, the 
90◦ edges on the wall and the 45◦ chamfer: measurement ‘h’ in Fig. 2) 
and these were all found to be excellent: between −1.8◦ and +1.4◦ for 
the 3DCP part and between −0.3◦ and +0.3◦ for the hybrid part. Not 
surprisingly, there was a significant improvement on surface flatness 
when the milling was used as can be seen in the standard deviations 
reported in Table 8, better than an order of magnitude improvement. 
The digitally augmented comparison of the difference between 3DCP 
and hybrid is shown in the third image from the left in Fig. 9, which 
reflects the part photographs in Fig. 2. The other features are also given 
to present the digitally augmented inspection, with a common colour 
scale to show error. The milled surfaces are clearly superior to the 
printed for the fillet, radius and circular hole formation. The under 
printed area (blue) in the bottom left image (milled fillet) was due to a 
layer approximation error: although the part was inflated, the staircase 
approximation left this under printed: which demonstrates the power of 
replicating known features in order to test and diagnose problems in the 
production workflow from design for manufacture, through toolpath 
generation to machine operation. 

6. Discussion 

The development of 3DCP is reaching landmark levels [2] and 
increasingly hybrid processes are being developed for quality benefits 
[13–16]. The maturity of the technology is such that full scale research 
can be undertaken alongside commercial systems for sale to deliver 
construction scale applications [30,53,54]. The need for quality control 
and assurance is growing and recognised for wet and hardened materials 
[55,56] and this work offers the first systematic approach to quality 
checking and assurance for the geometric accuracy and dimensional 
precision of parts manufactured using 3DCP and hybrid methods. 

The principal idea behind the approach is that a carefully designed 
part of known dimensions can be replicated on any 3DCP or hybrid 

Table 8 
Structured light and point-cloud based measurements of the linear dimensions, to the nearest mm of both printed and milled 
parts. Labels and description relate to the dimensions given in Table 3. The measurement precision for both cases is within 
±0.7 mm. Mean and maximum measurements are given where ‘Maximum’ is defined as (approximately) 1% point inclusion, 
determined to be +3 mm standard deviations on mean. 
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systems, using the same reference geometry to drive the digital and 
mechanical processes to production. This captures all errors in the end- 
to-end production process, the impacts of which can then be measured in 
a standardised manner opening the way for systematic checks during 
commissioning and system optimisation procedures, through to 
comparing different technology instances, platforms and system 
architectures. 

Through a standardised approach, it is hoped that benchmarking 
performance will be a possible way to enable routine and comparable 
statements about system performance to potential clients of the tech-
nology. In addition, the approach can be used to statistically evaluate 
production tolerances so that design for manufacture can be fully real-
ised: this will become more important when designs are built on 
different systems through an increasingly globalised production 
network. 

The test part is freely downloadable from [25] and this article is 
published as open access so that the standard measurement details are 
available for all to implement. 

6.1. The benefits of hybrid manufacturing over 3DCP 

The secondary milling does not automatically mean more accuracy. 
It requires a second set of modelling and tooling instructions and 
consequential robotic positional dependencies and hence there is more 
room for human error in the commissioning, design and execution of the 
tooling strategies. However, in terms of surface flatness and the preci-
sion of forming of edges, the hybrid method delivers to an exceptional 
degree, quite beyond what is possible with 3DCP alone as evidenced in 
Fig. 9, with surface flatness improved about four times. With more ac-
curate commissioning of the positioning system, it is quite likely that 
Hybrid has the potential to achieve if not exceed the performance of 
traditional moulding techniques, as well as opening up other benefits as 
reported for other materials in different sectors [57–59]. 

6.2. Limitations of the test part approach 

We endeavoured to capture a number of important geometrical 
features in the design of the test part, while minimising the build 
complexity so that most 3D concrete printers can make it. We restricted 
the design to two key elements found in the built environment, a panel 
and a wall section, and we augmented these with some useful but 
challenging features to reproduce in order to test accuracy and precision 
of processes. 

We selected the reproduction of 90◦ edges and flat straight surfaces 
because these are challenging to reproduce for 3DCP and hence offer a 
tough target with which to evaluate against. These features have addi-
tional benefits, namely they are easy to evaluate using conventional, 
industry standard measurements and they are also very sensitive to er-
rors, which makes issues easy to spot though visual inspection. 

There were some omissions in the feature design. Curvature was 
limited to radiused vertices and cantilevers were excluded in order to 
maintain ease of measurement and simplicity of build. In addition, we 
acknowledge that for different process implementations and target ap-
plications, the filament size in particular can vary [2,30]. As filament 
bead and build scale increase, the dimensions of this part and the res-
olution of the features are likely to become less relevant. What is 
important is, that for a specific system, the test method used needs to 
engage all machine axes over their likely working range. This is a 
requisite for testing procedures so that quality can be assured within the 
whole machine build volume: it is particularly important for robotic 
positioning systems as position errors are unlikely to remain constant 
over the build area. In our instance, we limited the part to 1 m3, which is 
a useful scale and all positional axis on our machine needed to be 
engaged in the part manufacture. 

We focused on geometric analysis here, but extensions to the analysis 
of the digital data could evaluate the quality of repeatable features and 
variability of bead geometry amongst others. Cost of production is an 
important factor, however, production of a part at some point in 
commissioning a system will be required to verify the process: so why 
not use the same part as others and have the additional feedback that 

Fig. 9. Digitally augmented error inspection for the 3DCP and milled parts on features, rounded fillet, radius, flat surface, circular hole formation, photographed in 
Fig. 2. Errors (mm) are colour mapped on the left-hand scale. 
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standardised cross-platform benchmarking gives as value added? 

6.3. Achieving accurate parts in practice 

In this work, we took a very honest first pass approach at production. 
Clearly with future build iterations and armed with the information 
reported here, we would expect to get considerable improvements on 
both 3DCP and hybrid part accuracy. One of the most significant ob-
stacles that we experienced on our system was the positioning accuracy 
of the robotic arm and in particular the synchronisation of that posi-
tioning with our turntable, which was needed to mill the far side of the 
part. 

Metering at absolute distance with robotic arms is not something that 
robots are designed to do, and more work is needed to ensure better 
calibration of systems, or at least verification of acceptable accuracy. 
What was also evident was that when we were trying to produce a flat 
smooth surface, the position of the tooling becomes much more critical 
as errors are far more easily recognisable. However, the evidence is quite 
clear that the additional overhead of the preparation and tooling 
required to deliver the milling will deliver at least an order of magnitude 
greater accuracy and precision of the part, which is likely to be signifi-
cant when 3DCP components of being integrated with each other and 
with other construction systems. 

6.4. Measuring large parts 

Measuring large components is challenging and accurate measure-
ment with point cloud based-systems relies heavily on calibration pro-
cedures. The structured light approach used here with appropriately 
sized calibration boards enabled very high precision in our measure-
ments: coverage of one point every 0.07 mm, with a point uncertainty of 
0.45 mm. 

The two-stage evaluation approach allows industry-standard 
methods to be used (visual inspection and linear dimensions by hand 
measurement) as well as greater depth of evaluation through application 
of digital techniques and analysis of point cloud data: automation of data 
capture and linear dimension evaluation, statistical measures of surface 
condition and digitally augmented visual analysis of complex features. 

6.5. Outlook for quality control and assurance 

A standardised geometry offers significant added value to the 
manufacture of test parts designed to exercise and verify a 3DCP or 
hybrid system. It can be used in one of a number of ways:  

1) Benchmark system capability: to verify that the system has achieved 
certain stage of maturity, but also, as presented in this article, as part 
of that commissioning process to help diagnose problems and to 
promote improvements in system performance.  

2) Inter-process comparison: if the part can be produced on one machine, 
then it can be compared to one produced on another, which is 
another powerful tool to improve the value added by the technology. 
This is important for system checking for machine providers and 
installers, but also to those investing to understand the comparative 
strengths of competing technologies. It allows alignment of capa-
bility across multiple installations by a manufacturer assuring 
product quality across its production sites. For technology 

developers, benchmarking performance against others will help in-
crease the capability of their system offering.  

3) Quality monitoring: the part can also be used for periodic checking for 
drift in manufacturing tolerances using interval-based testing which 
is a standard quality control procedure in manufacturing. In partic-
ular, where there has been a change in materials or process, such as 
servicing in production, using a part to verify manufacturing toler-
ance is important to check operations before production restarts.  

4) Development of processes: benchmarking also brings a systematic 
approach evaluating the influence of process parameters and mate-
rial performance for improving material deposition control and part 
formation during printing and for the development of secondary 
shaping and finishing processes to augment 3DCP.  

5) Evaluation of design tolerances: critically through multiple production 
of the part, statistical measures of manufacturing tolerances can be 
determined and these underpin design for manufacture and inte-
gration with other construction systems. Understanding what ge-
ometries and features can be manufactured to what tolerance and to 
what level of confidence is a critical next step for the technology. 
With this comes the ability to minimise material while maintaining 
critical cross-sections in structures, it determines how accurately 
parts can interface with other building structures as well as under-
pinning the aesthetics of assemblies such as façades. 

7. Conclusions 

One of the main goals of the project that funded this work was to 
develop the ‘world’s most accurate 3-D printing process’ using a hybrid 
manufacturing approach. In the course of this endeavour, we realised 
that we are not in a position to make such a claim because we simply do 
not know how accurate or precise the concrete printing processes that 
are already in existence, but more than that, we have no way of 
comparing performance: until now. 

With this freely available test part [25] and the measurement pro-
cedures outlined in this article, there is now a benchmark that can be 
replicated and measured on any 3-D printing system with a set of data to 
directly compare performance. The authors hope that this will be used 
by others and so open up the dialogue around geometric quality and 
then factors that influence it. Through constructive and well-motivated 
competition between actors in the academic and commercial commu-
nities, we hope that the level of precision achievable with 3DCP only and 
hybrid processes will rise to a level where it routinely exceeds what is 
cost effectively achievable using conventional manufacturing processes 
and in so doing, add significant value to the technology as it continues to 
make an impact on manufacture in architecture, construction, and 
infrastructure. 
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Appendix A  
Table A.1 
Summary of 3DCP products of which the form accuracy has been reported or evaluated.  

Product Bead width (BW) 
/ Layer height 
(LH) 

Reported form accuracy Improvement 
treatment 

Measurement 
methods 

Product 
number Dimensional precision Geometric accuracy 

Lateral 
deviation 

Z height 
deviation 

Global 
profile 
deviation 

Edge 
profile 
deviation 

Texture 
position 
offset 

Single components Wall & column BW 8–120 mm 
(layer height to 
bead width ratio: 
0.08–0.6) 

≤+15.3 
mm      

Industrial cameras 
(imaging system) 

2   

[−10 mm, 
+10 mm]   

Post smoothing / 
milling 

3D laser scanning / 
multi-view 
photogram-metry 

6 

[−15 mm, 
+15 mm]      

Laser scanning 8 

Cladding panel   Dome: 
[−5 mm, 
+5 mm] 
Saddle: 
[−9 mm, 
+9 mm]    

Laser scanning 14 

Volumetric 
part (test 
specimen)  

[−20 mm, 
+50 mm]     

3D laser scanning 15   

[−59% 
BW, +84% 
BW] 

External 
edge: 
[−104% 
BW, 0] 
Internal 
edge: 
[0, +163% 
BW]   

Structured light 
scanning 

16 

Assembled structure Pavilion 
(volumetric)   

Half of the 
surface: 
≥ 12 mm   

3D laser scanning / 
Photogrammetry  

21 

Surface textures     [−6 mm, 
+6 mm] 

Post profiling/ 
trowelling 

Not given 23   

Table A.2 
Summary of 3DCP products of which the surface finish has been reported or evaluated.  

Product Bead width 
(BW) / Layer 
height (LH) 

Reported surface finish Improvement 
treatment 

Measurement 
methods 

Product 
number Waviness Roughness 

Vertical 
face 
flatness 

Horizontal 
face flatness 

Inclined 
face 
flatness 

Curved 
surface 
waviness 

Printed 
surface 

Other 
surfaces 

Void 
ratio 

Single components Dome / vault 
(shell)     

[−12 mm, 
+12 mm] 

~1000 
um    

Microscribe 
3DLX digitizer 

9 

Volumetric 
part (test 
specimen) 

BW 8–120 
mm (layer 
height to 
bead width 
ratio: 
0.08–0.6) 

43–76% 
BW 

44–49% BW 55–80% 
BW      

Structured 
light scanning 

16  

Rectangle 
nozzle: 
[−2.5 mm, 
2 mm] 
Variable 
nozzle: 
[−1.7 mm, 
+0.8 mm]       

Nozzle shape 
control 

Not given 17    

Rectangle 
nozzle: 
[−4 mm, 
+3.5 mm] 
Variable 
nozzle: 
[−2 mm, 
+2 mm]     

Nozzle shape 
control 

Not given 18     

Concave: 
Rectangle    

Nozzle shape 
control 

Not given 19 

(continued on next page) 
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Table A.2 (continued ) 
Product Bead width 

(BW) / Layer 
height (LH) 

Reported surface finish Improvement 
treatment 

Measurement 
methods 

Product 
number Waviness Roughness 

Vertical 
face 
flatness 

Horizontal 
face flatness 

Inclined 
face 
flatness 

Curved 
surface 
waviness 

Printed 
surface 

Other 
surfaces 

Void 
ratio 

nozzle: 
[−3 mm, 
+2.5 mm] 
Variable 
nozzle: 
[−2.5 mm, 
+2 mm]     
Convex 
(arch): 
Rectangle 
nozzle: 
[−4 mm, 
+4 mm] 
Variable 
nozzle: 
[−2 mm, 
+1 mm]    

Nozzle shape 
control 

Not given 20 

Surface textures     (−3 mm, 
+3 mm)   

>1.0% Post profiling/ 
trowelling 

Not given 23  
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