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Abstract 
 

As one of the core parameters of three-dimensional (3D) printing, the density of 
formed structures directly governs the quality and performance of printed buildings 
or components. Therefore, it is critical to measure the density during printing. Here, 
we propose a density measurement system (DMS) and computational method for 
formed structures during concrete 3D printing (C3DP). The DMS includes a real-time 
weight monitoring system and software, and a 3D laser scanning system for measuring 
the volume of the formed structures. The corresponding method introduces parameters 
such as printing time, mass printing speed and relative density. Several 3D printing 
indoor experiments were conducted to illustrate the DMS and method. Experimental 
results show that the density of the formed structures during 3D printing can be 
measured quickly, quantitatively and with high accuracy. The density of the formed 
structures ranged from 2016 to 2179 kg/m3, with an average value of 2068 kg/m3. 
These results can provide a basis for evaluating the uniformity and quality of formed 
structures, as well as support the monitoring and feedback control of the process 
parameters during 3D printing, including printing time gap, printing speed, and mass 
printing speed. 
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1  Introduction 
 

Three-dimensional (3D) printing, as an emerging technology that allows for the fully 
automated manufacturing [1] of complex, personalized products directly from digital 
models, promises to change the current modes of construction [2]. 
 

Concrete 3D printing (C3DP) is a layer-by-layer forming process without 
formwork. The printing process is non-linear [3] and mostly without vibration. 
Furtherly, the density of the formed structure inevitably deviates from the design 
density. If the density deviation is too large, it directly affects the safety of formed 
structures during printing as well as the quality [4] and performance (e.g., thermal 
conductivity, mechanical properties, and durability [5]) of the final hardened 3D 
printed building or component. Therefore, it is critical to measure and control the 
density of formed structures during printing. In recent years, many scholars have 
studied this aspect. Du et al. [6] studied the effect of particle size distribution on 
sintered density and density of a densely packed powder during binder jetting printing. 
Ali et al. [4] developed a methodology based on nano-computed tomography for 
measuring the relative powder-bed compaction density in powder-bed printing 
processes. Li et al. [7] measured and calibrated the density of selective laser sintered 
printing powder bed based on the plumb bob method. Toprak et al. [3] used neuro-
fuzzy modelling methods to predict the relative density of stainless steel 316L metal 
parts produced by 3D printing. Tanlak et al. [8] utilized computerized numerical 
methods to predict the range of printable densities of lattice structures. Liu et al. [9] 
investigated the effect of infill density on the performance of 3D-printed robotic 
grippers through numerical simulations and experiments. Ramakrishnan et al. [10] 
proposed a C3DP approach based on hollow-core extrusion to reduce the density of 
printed elements and thus improve the thermal performance of the printed lightweight 
structures. 

 

 Since C3DP is a complex dynamic forming process, the self-weight of the post-
printed layer structure causes deformation of the already-printed layer structure. 
Therefore, there is still a huge challenge of measuring and controlling the density of 
formed structures for C3DP. The main objective of this paper is to investigate the 
methodology used to measure the density of formed structures during C3DP. 

 

2  Methods 
 

2.1 Experimental device 
 

A density measurement system (DMS) for formed structures suitable for C3DP was 
developed, as shown in Figure 1. The DMS includes a weight monitoring system, a 
3D laser scanning system and a computer. The weight monitoring system is designed 
and manufactured to monitor the weight of the formed structure in real-time during 
the 3D printing deposition process, which includes a bearing platform supporting the 
formed structure, four weighing sensors connected to the lower surface of the bearing 
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platform, four auto-leveling bases mounted at the bottom of the weighing sensors, a 
data acquisition connected to the weighing sensors, and a real-time weight monitoring 
software. The bearing platform is made of transparent tempered glass. The maximum 
range of a single weighing sensor is 50 kg and the excitation voltage is 5-12 V. A 3D 
laser scanner Z + F imager 5010 is adopted to measure the volume of the formed 
structures. The measurement range is 0.3-187.3 m, the maximum scanning rate is 
1,016,000 points/s, the scanning angle is 320×360 degrees, the measurement 
resolution is 0.1 mm, and the linear accuracy is 1 mm at a distance of 50 m [2]. The 
softwares JRC 3D reconstructor and Geomagic control were adopted for the 
corresponding data post-processing. In addition, a 3D printer was used to print test 
samples of concrete structures. The length, width and height of the printer are 4.2 m, 
4 m and 4 m, respectively. The diameters of the available printing heads are in 20 mm 
and 40 mm, the printing speed is 0-0.25 m/s and the positioning accuracy is 1 mm. 
 

 
Figure 1: Density measurement system for formed structures during 3D printing. 

 

2.2 Computational method 
 

The density ρt of the formed structure at time t during 3D printing deposition can be 
calculated by the following equation. 
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where mt is the mass of the formed structure monitored by the weight monitoring 
system at time t, and the unit is kg. mti is the mass of the formed structure monitored 
by the i-th weighting sensor at t, and the unit is kg. nW is the total number of weighing 
sensors. δ is the time period required for 3D scanning the structure, and it is assumed 
that the deformation of the formed structure during time period δ is negligible. Vt+δ is 
the volume of the formed structure obtained by 3D laser scanning after stopping 
printing at time t and δ, and the unit is m3. It is assumed here that the clearance inside 
the formed structure is negligible. 
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2.3 Test methods 
 

Several indoor experiments for density measurements of formed structures were 
conducted using specimens (Figure 2) with dimensions of 0.15×0.15×0.15 mm, as 
shown in Figure 3. The material used for the 3D printing tests consisted of cement 
(42.5 grade Poland cement), water, sand, additives and polypropylene fiber. The ratio 
of sand to cement per cubic meter of the material is approximately 1.5. Depending on 
the size and material of the 3D printing of specimens, the appropriate process 
parameters were set for the 3D printer. The diameter of the printing head is selected 
to be 20 mm, the layer width ω is 25 mm, the layer resolution δ is 10 mm, the printing 
path is of the rectangular rotate type [11], the printing path length Lp of a single 
printing layer is approximately 0.875 m, the number of printing layers NL is 10, the 
printing speed v is 0.1 m/s, and the printing time gap tg is 8.6 s. The data acquisition 
frequency of the weight monitoring system is 30 Hz. δ of the 3D laser scanning is 
1010 s after 10 printing layers are printed. 
 

 
Figure 2: A 3D printing of specimen for density measurement laboratory tests. (a) 

Specimen and dimensions. (b) Rectangular rotating printing path. 
 

 
Figure 3: Indoor experiments for density measurement of representative 3D printing 

of formed structures. (a) 3D printed specimens and monitoring of the weight of 
formed structures. (b) 3D scanning of formed structures. 

 

 The number of 3D printing of concrete specimens is 6, numbered S1, S2, S3, S4, 
S5 and S6, and the scheme of the test is as follows. Concrete specimens were 
sequentially printed on the bearing platform supporting the formed structure, and five 
printing layers were completed, with the printed specimens numbered S1-0.5, S2-0.5, 
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S3-0.5, S4-0.5, S5-0.5, and S6-0.5, in that order. Concrete specimens were continued 
to be printed sequentially and five printing layers were completed with the printed 
specimens numbered S1-1, S2-1, S3-1, S4-1, S5-1 and S6-1 in that order, and the 
printing of specimens S1-S6 was finalized for the tests. 
 

3  Results and Discussion 
 

Figure 4 shows the mass of the formed structures at different times monitored by the 
weight monitoring system during printing. In the case of specimen S1-0.5, the number 
of layers formed during 3D printing extrusion increases with time t, and mt monitored 
by the weight monitoring system increases as well. When the specimen S1-0.5 
finishes printing, the printing head stops extruding and the printing head moves to the 
position where the specimen S2-0.5 is to be printed, and mt remains constant during 
this period. Different specimens have different printing stopping times or printing 
head moving (stopping extrusion) times, but mt and t show a similar law during 
printing. The value of mt is linearly related to t throughout the printing test (printing 
process for all specimens). The law can be summarized in the following equation. 
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where j is the printing of the j-th specimen. ta is the total time in the entire printing 
test, and the unit is s. vm is the mass of the 3D printing of formed structure per unit 
time, i.e., the mass printing speed, and the unit is kg/s. vma is the mass printing speed 
in ta, and the unit is kg/s. ma is the mass fitting coefficient at ta, and the unit is kg. Δtj 
is the printing time of the jth specimen, and the unit is s. vmj is the mass printing speed 
of the j-th specimen at Δtj, and the unit is kg/s. mj is the mass fitting coefficient of the 
j-th specimen at Δtj, and the unit is kg. Ψtj is the printing pause time from the j-th 
specimen to the (j+1)-th specimen (j takes the values 1, 2..., 5) or the travel time for 
the printing head (stop extrusion), and the unit is s. Since there is the time Ψtj 
throughout the printing process, vma is less than or equal to vmj. The data for part of 
the time mt in Figure 4 showed small up and down vibrations due to the external loads 
applied during this period. However, this does not affect the accuracy of equation (2). 
 

 Figure 4 also shows that the mass Δmj and the printing time Δtj of either printed 
specimen can be calculated by the weight monitoring system. 
 

    -1MAX MAX , 1, 2, ...6j tj t jm m m j   
      (3) 

   MAX MIN , 1, 2, ...6j j jt t t j   
       (4) 

 where MAX(mtj) is the stabilization value of the mass of the formed structure 
monitored by the weight monitoring system after reaching the maximum value during 
the printing of the j-th specimen, and the unit is kg. MAX(mt(j-1)) is the stabilization 
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value of the mass of the formed structure monitored by the weight monitoring system 
after reaching the maximum value during the printing of the (j-1)-th specimen (j takes 
the values 2, 3..., 6), and the unit is kg. MAX(tj) is the time corresponding to when the 
mass of the formed structure, monitored by the weight monitoring system, reaches a 
stabilized value for the first time during the printing of the j-th specimen, and the unit 
is s. MIN(tj) is the time corresponding to the time before the j-th specimen is printed, 
and before the first increase in the mass of the (j-1)-th specimen (j takes the values 2, 
3..., 6), monitored by the weight monitoring system, after reaching a stabilized value. 
 
 

 
 

Figure 4: Mass of formed structures at different times monitored by the weight 
monitoring system during printing. 

 

 In addition, the printing time gap tg, the printing speed v and the mass printing 
speed vm can be calculated by the following equations. 
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According to equations (3)~(7), tg, v and vm were calculated for different specimens 
as shown in Figure 5. The average value of tg is 8.7 s, the average value of v is 0.101 
m/s and the average value of vm is 0.126 kg/s for the whole printing test. 
 

 Figure 6 shows the volume of 3D printing of formed structures measured by 3D 
laser scanning. The number of points of the scanned point cloud of specimens S1~S6 
is 436125. The volume V of the formed structure of each 3D printed specimen was 
calculated according to the point cloud model, and the density ρ of the formed 
structure of each 3D printed specimen is calculated according to equation (1), as 
shown in Table 1. The average value of V is 0.005273 m3. ρ ranges from 2016 to 2179 
kg/m3, and the average value is 2068 kg/m3. 
 

 
Figure 5: Printing time gap and speeds calculated based on the weight monitoring 

system. 
 

 
 
 

Figure 6: Volume of 3D printing of formed structures measured by 3D laser 
scanning. (a) Point cloud of 3D laser scanning. (b) Measurement of the volume of 

formed structures. 



 

8 
 

 
 

Specimen 
No. 

Printing 
time 
[s] 

Printing 
time gap 
[s] 

Printing 
speed 
[mm/s] 

Mass 
[kg] 

Mass printing 
speed 
[kg/s] 

Volume 
[m3] 

Calculated 
density 
[kg/m3] 

S1 84 8.4 0.104 11.30 0.135 0.005187 2178.52  

S2 84 8.4 0.104 10.50 0.125 0.005145 2040.82  

S3 95 9.5 0.092 11.10 0.117 0.005506 2015.98  

S4 85 8.5 0.103 10.70 0.126 0.005189 2062.05  

S5 85 8.5 0.103 11.20 0.132 0.005477 2044.92  

S6 87 8.7 0.101 10.60 0.122 0.005133 2065.07  

 
Table 1: Calculation of density of 3D printing of formed structures based on 

monitoring and scanning results. 
 
 

 The main contribution of this paper is to propose a novel system and calculation 
method for measuring the density of C3DP of forming structures, which realizes rapid, 
highly accurate and quantitative measurement of the density of the formed structure. 
The system and method can provide a basis for evaluating the uniformity and quality 
of formed structures, and support the monitoring and feedback of process parameters 
during printing. In order to further apply the DMS and calculation method, the 
rationality assessment method of the density of the formed structural layer LN during 
printing was proposed, as shown in Figure 7, with the following steps. 
 

i) Adjust and control printing and material parameters.  
 

ii) Print layers L1, L2, ... and LN in sequence. iii) Monitor the mass mN of the 
printed layer LN using the weight monitoring system. iii) Measure the 
volume VN of the printed layer LN using the 3D scanning system. iv) 
Calculate the relative density IN of layers L1, L2, ... and LN according to 
equation (8). v) Evaluate the reasonableness of the relative density of layers 
L1, L2, ... and LN according to equation (9). If equation (9) is satisfied, the 
printed layer LN is feasible; if equation (9) is not satisfied, printing 
parameters and materials need to be adjusted and controlled for reprinting. 
Where a and b are the maximum and minimum values of the design relative 
density. 
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Figure 7: Rationality assessment of the density of formed layers during 3D printing. 

 

 
4  Conclusions and Contributions 
 

In this work, A DMS and computational method of formed structures during C3DP is 
presented. The DMS includes a newly developed weight monitoring system and 
software that measures the weight of formed structures in real time, as well as a 3D 
laser scanning system for measuring the volume of formed structures. Moreover, the 
computational method of applying the DMS is proposed, and the corresponding 
method introduces parameters such as printing time, mass printing speed and relative 
density. Several 3D printing indoor experiments were carried out using the DMS. The 
test results show a linear increase in mt with t throughout the printing test and during 
the printing of individual specimens, with vma less than or equal to vmj. With the 
proposed DMS and the corresponding computational method, the density of formed 
structures during 3D printing can be measured quickly, quantitatively and with high 
accuracy. In these tests, ρ ranges from 2016 to 2179 kg/m3, and the average value is 
2068 kg/m3. Process parameters during 3D printing can be calculated with feedback. 
Hence, the average value of tg is 8.7 s, the average value of v is 0.101 m/s and the 
average value of vm is 0.126 kg/s for the whole printing test. 
 

 The system and method proposed in this paper can provide a basis for evaluating 
the uniformity and quality of formed structures, as well as support the monitoring and 
feedback control of process parameters during 3D printing, which can help to improve 
the precision and quality of concrete 3D printing. 
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