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Abstract 11 

 12 

A synchronized concrete and bonding agent deposition system is proposed to address the weak 13 

interlayer bond strength issue in extrusion-based 3D concrete printing (3DCP). In the proposed 14 

system, printable concrete and bonding agent are deposited concurrently via a rotatable nozzle 15 

with two outlets. Therefore, the interlayer bond strength is improved by the bonding agent 16 

deposited on the interface between printed filaments. Various bonding agents, including water, 17 

cement strengthener, polymer solution, and cement paste, were investigated. The results 18 

indicate that when the cement paste with a 0.26 water-to-cement mass ratio is adopted as the 19 

bonding agent, a relative bond strength as high as 267% can be obtained via the proposed 20 

system. Continuous printing was conducted to demonstrate that the proposed system has great 21 

potential for practical engineering applications. The proposed system has the potential to 22 

eliminate the weakness in interlayer bond strength of 3DCP processes and to widen 3DCP 23 

applications. 24 

 25 

Keywords: 3D concrete printing; additive manufacturing; interlayer bond strength; 26 

synchronized system; bonding agent    27 

 28 

 29 

1. Introduction 30 

 31 

As a dominant technology in digital concrete, extrusion-based 3D concrete printing (3DCP) 32 

technique builds the structure by extruding materials layer-atop-layer through a digitally 33 
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controlled print-head. One of the main benefits of the 3DCP technology is that it can perform 34 

formwork-free concrete construction with enhanced design freedom without additional labor 35 

and cost [1–5]. Weng et al. [6] were the first in the area who conducted a quantitative 36 

comparison with firsthand data between a full-scale 3D printed prefabricated bathroom unit 37 

(PBU) and a precast PBU on economic values, environmental impacts, and productivity. Due 38 

to its formwork-free manufacturing, 3DCP outperforms the precast approach in small batches 39 

or customized PBU manufacture in all indexes [6].  40 

 41 

However, a major hurdle to the wide adoption of extrusion-based 3DCP in the construction 42 

sector is the weak interlayer bond strength between printed filaments [7–11]. As will be 43 

reviewed in Section 2, the weak interlayer bond strength has a high correlation with the surface 44 

moisture content of printed filaments. The hydration between layers is impacted by the surface 45 

moisture content [7], which is affected by various factors. Among these factors, the interlayer 46 

time interval presents as a critical issue [12]. Various methods, including mechanical and 47 

chemical methods [13,14], have been proposed to improve the interlayer bond strength. 48 

However, at the current stage, all proposed methods for interlayer bond strength enhancement 49 

share one common and significant limitation - a lack of automation. The researchers either 50 

manually fabricated interlocking configurations by mold casting [13] or manually added 51 

polymer adhesives to the interface between layers [14], which would not be feasible for 52 

practical engineering applications. A detailed discussion of the limitations of the existing 53 

methods will be elaborated in Sections 2.3 and 2.4. 54 

 55 

This work is mainly motivated by the limitation stated above. To address the lack of automation, 56 

a synchronized concrete and bonding agent deposition system for interlayer bond strength 57 

enhancement in 3DCP is proposed. This newly innovated system can deposit the bonding agent 58 

between the previous and new layers along with the concrete material printing process. 59 

Consequently, the interlayer bond strength can be improved by the bonding agent.  In this work, 60 

the proposed system is also adopted in continuous printing to demonstrate its potential for 61 

practical engineering applications.   62 

 63 

The proposed system for interlayer bond strength enhancement is challenging in several aspects. 64 

Firstly, an engineering-available solution should be adopted to apply the bonding agent evenly 65 

and effectively atop the printed filament surface. Secondly, the concrete printing process 66 

should not be obstructed by the bonding agent deposition process. Thirdly, the concrete 67 
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delivery speed and the bonding agent conveying speed should be coordinated to print the 68 

concrete and deposit the bonding agent in a synchronized manner. Finally, the adopted bonding 69 

agent should be effective in enhancing the interlayer bond strength.  70 

 71 

The remainder of this article is organized as follows: In Section 2, the impact and origin of the 72 

weak interlayer bond strength in 3DCP are discussed, followed by a literature review on the 73 

existing methods to enhance the interlayer bond strength and the corresponding limitations. In 74 

Section 3, a novel print-head to perform the desired concurrent deposition process is illustrated, 75 

and its working mechanism is introduced. In Sections 4 and 5, the experiment design and results 76 

are presented and discussed.  In Section 6,  the presented work is summarized and discussed, 77 

and the future works are sketched. 78 

 79 

 80 

2. Related works  81 

 82 

In this section, the impact and origin of weak interlayer bond strength on 3D printed 83 

cementitious material properties are reviewed. Furthermore, the existing methods to address 84 

the weak interlayer bond strength issue are elaborated, and their corresponding limitations are 85 

discussed. Finally, a summary of this section is provided, and the research gap is identified and 86 

emphasized. 87 

 88 

 89 

2.1. Anisotropic properties of printed material  90 

 91 

Various 3D concrete printing materials have been developed in the past few years. Among all 92 

of the material properties, the anisotropic mechanical properties of 3D printed elements have 93 

been tested and reported in many studies [15–18]. Le et al. [15] first evaluated the hardened 94 

properties of high-performance printing concrete. In this study, the mold-cast specimens were 95 

investigated as control concrete with high strength (107 MPa in compression, 11 MPa in flexure, 96 

and 3 MPa in direct tension). However, the well-printed concrete specimens in the same study 97 

[15] had a compressive strength of 75 - 102 MPa, a flexural strength of 6 - 17 MPa, depending 98 

on testing direction, and direct tensile strengths between layers varying from 2.3 to 0.7 MPa, 99 

reducing as the interlayer time interval increased. Similar work was conducted by Wolfs et al. 100 
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[16], in which the bond strength between layers reduced as interlayer time intervals increased. 101 

The anisotropic phenomenon was also found in the geopolymer printing by Xia and colleague(s) 102 

[17,18].   103 

 104 

In summary, these earlier works clearly showed that the weak interlayer bond strength of the 105 

printed concrete material results in strong anisotropic properties, which are mainly reflected by 106 

the mechanical performance of printed specimens. Apart from the mechanical properties, the 107 

acoustic indexes also reflected the anisotropic properties of 3D printed concrete [19]. 108 

 109 

 110 

2.2. Origins of weak interlayer bond strength 111 

 112 

The surface moisture content is considered an essential parameter that impacts the interlayer 113 

bond strength. Sanjayan and Xia [20] investigated the impact of interlayer time interval on the 114 

interlayer bond strength of printed concrete, and a correlation was found between the interlayer 115 

bond strength and the surface moisture content at the interface between layers. Their work 116 

revealed that a higher surface moisture content achieves a better direct tensile strength between 117 

layers. The surface moisture content, in turn, depends on the bleeding rate of the concrete and 118 

the drying rate of moisture from the surface.  119 

 120 

A similar finding was reported by Keita et al. [7], wherein a superficial extremely localized  121 

drying is at the origin of a drop in interlayer bond strength of flowable mortars with low water-122 

to-cement mass ratio. Moreover, their findings suggest that the drying localization is formed 123 

because the liquid does not have time to flow and replace the evaporated liquid  in low porosity 124 

fresh materials. Consequently, a dry region is expected to develop from the drying interface 125 

and to propagate in the sample. Without enough water to hydrate the cement powder in the dry 126 

region, the interlayer bond strength would decrease. Likewise, Wolfs et al. [16] quantitatively 127 

presented the strength reduction analysis, where approximately 33% - 50% reduction was 128 

reported for the specimens left uncovered for long time intervals of 4 h and 24 h. Additionally, 129 

the impact of surface moisture content on interlayer bond strength is also supported by findings 130 

outside the field of 3DCP [21]. 131 

 132 

 133 
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2.3. Methods to enhance the interlayer bond strength 134 

 135 

Methods to enhance the interlayer bond strength can be categorized based on various 136 

mechanisms, primarily mechanical and chemical ones. A typical mechanical method to 137 

enhance the interlayer bond strength is introduced by interlocking two adjacent layers. In the 138 

study by Zareiyan and Khoshnevis [13],  a concrete mixture compatible with the extrusion 139 

system was used, and different mold configurations were introduced to test interlocking effects. 140 

Their findings revealed that the interlayer bond strength is sensitive to interlocking 141 

configurations, and the strength can be increased by an average of 26%, according to the tensile 142 

splitting test. The observed increase in interlayer bond strength could be attributed to the 143 

increase in the contact surface area between layers.  144 

 145 

In terms of the chemical methods to enhance the interlayer bond strength, Hosseini et al. [14] 146 

adopted polymer adhesive as the bonding agent to enhance the interlayer bond strength, and 147 

their experiment results presented a considerable increase in the interlayer bond strength, which 148 

was characterized by 3-point bending test. The two-fold rise in interlayer bond strength and 149 

chemical cohesion proved that their method could enhance bonding between adjacent layers. 150 

Similar works and results were also presented by Wang et al. [22] and Marchment et al. [23].  151 

 152 

 153 

2.4. Research gap 154 

 155 

All the above-mentioned methods on interlayer bond strength enhancement share the same 156 

limitation - a lack of automation. The researchers either manually fabricated the interlocking 157 

configurations by mold casting or manually added the polymer adhesive to the interface 158 

between layers. Besides, a further concern is on the efficiency of the interlocking method on 159 

improving interlayer bond strength. While introducing polymer as the bonding agent can gain 160 

a two-fold rise in interlayer bond strength [14], the interlocking method could only achieve a 161 

26% improvement in interlayer bond strength [13].   162 

 163 

The research gap in automation and efficiency motivates this project on a synchronized 164 

concrete and bonding agent deposition system to enhance the interlayer bond strength. In the 165 

presented synchronized concrete and bonding agent deposition system, the printable concrete 166 

https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/extrusion
https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/interlayer
https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/tensile-strength
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and the bonding agent were delivered and deposited concurrently. As the concrete delivery 167 

speed and the bonding agent convey speed can be coordinated, the amount of deposited 168 

bonding agents atop the printed filament surface can be controlled without obstructing the 169 

concrete printing process. This system allows bonding agents to be automatically deposited on 170 

the interface between layers to enhance the interlayer bond strength efficiently.  171 

 172 

 173 

3. Print-head design for the synchronized deposition system 174 

 175 

3.1. Print-head design and deposition schemes 176 

 177 

One of the main challenges to enhance the interlayer bond strength via the bonding agent is 178 

that a specific dosage of the bonding agent needs to be deposited automatically between layers 179 

without obstructing the concrete printing process. A possible method to achieve this target is 180 

to adopt multiple printing heads or printing devices. However, this method will result in 181 

redundant positioning sub-systems, the risk of end-effectors collision, and the misalignment of 182 

the concrete and the bonding agent. To avoid such disadvantages, a more intuitive and 183 

straightforward approach to achieving concurrent concrete and bonding agent deposition 184 

process is proposed in this work.  185 

 186 

A novel print-head was designed to perform the desired concurrent concrete and bonding agent 187 

deposition process. This print-head is composed of a rotatable nozzle and a flow splitter fixed 188 

on the print arm, as shown in the computer-aided design (CAD) model in Fig. 1. The nozzle, 189 

which consists of a concrete outlet and a bonding agent outlet, is rotatable to keep the center 190 

plane of its two outlets aligned with the printing direction. The flow splitter uses two symmetric 191 

branches to balance the flow distance of the bonding agent and, thus, helps to maintain a stable 192 

flow rate. During the printing process, the bonding agent is delivered to the flow splitter, 193 

discharged into the funnel, which rotates with the nozzle, and then released from the bonding 194 

agent outlet, as shown by the dashed lines in Fig. 1. Simultaneously, the concrete is delivered 195 

to and extruded from the central outlet of the nozzle as in a typical 3DCP process. A 196 

longitudinal-section view along the symmetry plane of the nozzle, as well as the flow directions 197 

of the concrete material and the bonding agent, are shown in  Fig. 2.  198 

 199 
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 200 

Fig. 1 The CAD model and delivery mechanism of the designed print-head. 201 

 202 

 203 

Fig. 2 The longitudinal-section view along the symmetry plane of the rotatable nozzle. 204 

 205 

Two different deposition schemes, as shown in Fig. 3, were derived from the presented print-206 

head design. In the first deposition scheme (Scheme 1; Fig. 3(a)), the bonding agent outlet is 207 

behind the concrete outlet, and the bonding agent is deposited on the top surface of the new 208 

concrete filament. With this deposition scheme, the bonding agent deposition position is only 209 

affected by the printing path radius of the new layer, and it can be properly applied atop of the 210 

concrete filament surface (except in some special situations, as will be discussed in Section 211 

3.2). However, there is a time gap between the deposition of the bonding agent and the 212 
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extrusion of the next concrete layer, which may affect the bonding effect. In the second 213 

deposition scheme (Scheme 2; Fig. 3(b)), the bonding agent outlet is in front of the concrete 214 

outlet, and the bonding agent is deposited on the top surface of the previous concrete layer and 215 

immediately covered by the new concrete layer. However, if there is an offset between the new 216 

layer and the previous layer, the bonding agent may fall from the printed part and provide no 217 

bonding effect.  218 

 219 

 220 

Fig. 3 The concurrent concrete and bonding agent deposition schemes: (a) The bonding agent 221 

outlet is behind the concrete outlet, and the bonding agent is deposited on the top surface of the 222 

new concrete layer; (b) The bonding agent outlet is before the concrete outlet, and the bonding 223 

agent is immediately covered by the bottom surface of the new concrete layer. 224 

 225 

The suitability of the two printing schemes is determined by two factors - the bonding agent 226 

and the printing path. If the bonding agent needs some time to take effect, then Scheme 1 should 227 

be adopted to give a particular setting time for such a bonding agent. Conversely, if the effect 228 

of a bonding agent reduces and expires in a period of time shorter than the interlayer time 229 

interval, Scheme 2 should be adopted to maximize the effectiveness of such a bonding agent. 230 

Besides, if there is a large offset between the successive concrete layers, Scheme 1 should be 231 

adopted to offer a better chance to keep the bonding agent on the printed part.  232 

 233 

3.2. Dealing with highly viscous bonding agents 234 

 235 
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Most of the bonding agents adopted in this work, including the cement strengthener, the 236 

polymer solution, and the cement paste, have a high viscosity, introducing additional design 237 

constraints for the presented system. Since the bonding agent is purely driven by gravity in the 238 

presented nozzle design, the size of the flow channel is important for the bonding agent to flow 239 

smoothly. While a flow channel with 4 mm hydraulic diameter is sufficient for water, a flow 240 

channel with a 6-8 mm hydraulic diameter is needed for the cement strengthener and the 241 

polymer solution to flow smoothly, and the flow channel for cement paste should have a 242 

hydraulic diameter no less than 15 mm.  243 

 244 

However, the bonding agent flow channel size is not the larger the better. A large bonding 245 

agent flow channel may cause a position offset between the bonding agent and the concrete 246 

filament in a curved printing path. For example, as shown in Fig. 4, when a 30 mm × 15 mm 247 

nozzle (L × W) with 3 mm wall thickness is used in a 30 mm radius printing path, the centerline 248 

of the moving path of a 15 mm diameter bonding agent outlet has a 5 mm offset from the 249 

centerline of the printing path. Therefore, in the case where the printing path contains small 250 

radius curve sections, the bonding agent outlet needs to be reduced to avoid an unacceptable 251 

offset. To make the bonding agent flow smoothly in such a narrow flow channel, a hydraulic 252 

slip ring can be added to the system, and the bonding agent can be driven by the power of the 253 

bonding agent pump. 254 

 255 

 256 
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Fig. 4 The centerline of the bonding agent outlet moving path offsets from the centerline of a 257 

curved printing path. 258 

 259 

The other problem is that the high viscosity of the bonding agent can obstruct the even 260 

distribution of the bonding agent on the interface. Although most of the bonding agents can be 261 

paved by the pressure of the next concrete filament, some tend to keep their shape and cause 262 

additional defects on the interface. To deal with this problem, bonding agent spreaders were 263 

designed to pave the highly viscous bonding agents in different deposition schemes, as shown 264 

in Fig. 5. For Scheme 1, where the bonding agent outlet is behind the concrete outlet, the 265 

spreader needs to be attached behind the bonding agent outlet (Fig. 5(a) and (b)); for Scheme 266 

2, where the bonding agent outlet is in front of the concrete outlet, the spreader needs to be 267 

attached between the bonding agent outlet and the concrete outlet (Fig. 5(c) and (d)). 268 

 269 

 270 

Fig. 5 The bonding agent spreaders and corresponding deposition schemes: (a) The CAD model 271 

of the spreader for Scheme 1; (b) The spreader for Scheme 1 paves the bonding agent atop the 272 
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new concrete layer; (c) The CAD model of the spreader for Scheme 2; (d) The spreader for 273 

Scheme 2 paves the bonding agent atop the previous concrete layer.  274 

 275 

 276 

4. Materials and methods  277 

 278 

4.1. 3D printable concrete mix and bonding agents 279 

 280 

The concrete material adopted in this work was the 3D printable concrete mix used by Weng 281 

et al. [24]. The mix consists of ordinary Portland cement (OPC), fly ash, silica fume, silica 282 

sand, water, and polyvinyl alcohol (PVA) fiber. The physical and chemical properties of all 283 

raw ingredients are shown in [24]. The mix proportions are presented in Table 1.  284 

 285 

Table 1 Mix proportions of the ingredients of the 3D printable concrete. 286 

OPC Fly ash Silica fume Silica sand Water PVA fiber 

1.000 1.000 0.050 1.025 0.574 0.023 

         Note: The numbers are mass ratios of each ingredient to OPC. 287 

 288 

In order to screen the effective bonding agents, several potential materials, including water, a 289 

cement strengthener, a polymer solution, and a cement paste, were investigated in this work. 290 

Water was adopted as the bonding agent since many studies indicated that the surface moisture 291 

content is associated with the interlayer bond strength, and, in general, a higher surface 292 

moisture content leads to better interlayer bond strength [7,20]. The cement strengthener (W1 293 

Cement Strengthener, Warrior Pte Ltd.) was a commercialized chemical solution for improving 294 

bond strength between two substances, such as concrete and tiles. The polymer solution used 295 

in this work was made by dissolving the polymer powder (ETONIS® LL5999 – 8331, Wacker 296 

Pte Ltd) in the water at a polymer-to-water mass ratio of 1:4. The polymer powder is usually 297 

added to the cement mix to improve cohesive strength. The cement paste used in this work was 298 

mixed by a 0.26 water-to-cement mass ratio with the addition of superplasticizer. The cement 299 

was Type I ordinary Portland cement, and the superplasticizer (ADVA 181N, GCP Applied 300 

Technologies) was 0.35 wt.% of cement content. 301 

 302 

 303 
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4.2. Printing path design  304 

 305 

The printing path design for investigating the effect of different bonding agents on the 306 

interlayer bond strength is plotted in Fig. 6. Various bonding agents, as indicated in Fig. 6, 307 

were applied atop the filament surface with Scheme 1, and a nozzle without a spreader was 308 

adopted. During the printing process, the initial layer was printed while the bonding agent was 309 

simultaneously deposited atop the printed concrete filament. After a time interval of 40 minutes, 310 

the second layer was printed atop the initial layer. The nozzle travel speed and concrete pump 311 

rotational speed were 4,000 mm/min and 650 rpm, respectively. The nozzle outlet for the 312 

concrete material printing was 30 mm × 15 mm (L × W) in size. During the deposition process 313 

of the bonding agents, the bonding agent deposited atop each printed filament surface was 314 

approximately 10 mL in volume, which is approximately 500 mL/m2.  315 

 316 

 317 

Fig. 6 The printing path design for investigating the effect of different bonding agents. 318 

 319 

As discussed in Section 3.2, most of the bonding agents can be paved by the pressure of the 320 

next concrete layer; however, some may keep their formation and cause additional defects on 321 

the interface, which are detrimental to the interlayer bond strength. Therefore, to avoid the 322 

additional defects, a bonding agent spreader was adopted to pave the bonding agents. The 323 

printing path to study the impact of the spreader on the interlayer bond strength is shown in 324 

Fig. 7, where a different type of nozzle is adopted, i.e., a nozzle with a spreader. During this 325 

printing process, the initial layer was printed without depositing bonding agents. After a time 326 

interval of 40 minutes, the second layer was printed while simultaneously depositing the 327 
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cement paste atop the initial layer. The other experiment parameters were the same as in the 328 

printing shown in Fig. 6.  329 

 330 

 331 

Fig. 7 The printing path design for investigating the effect of the bonding agent spreader. 332 

 333 

4.3. Interlayer bond strength characterization   334 

 335 

The interlayer bond strength was evaluated by the splitting tensile test according to ASTM C 336 

496 [25], albeit in a scaled-down size to accommodate with the dimensions used in the 3DCP 337 

process [16,26,27]. The splitting tensile test was setup as depicted in Fig. 8. An Instron machine 338 

was used to apply the load with a loading rate of 0.1 mm/min. The splitting tensile tests were 339 

conducted after the printed filaments were cured for 7 days. The printed filaments were cut into 340 

small samples (50 mm in length) by a Struers Secotom-15 diamond cutter between days 2-6. 341 

At least three samples were prepared and tested for each bonding agent.  342 

 343 

The interfacial splitting tensile strength is obtained via the following formula [26]:   344 

  
u

t

2P
f

A
=    345 

where  (MPa) is interfacial tensile splitting strength;  (N) and (mm2) are the ultimate 346 

load and the contact surface area between concrete filaments, respectively.  347 

 348 

tf uP A
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 349 

Fig. 8 The splitting tensile test setup. 350 

 351 

 352 

5. Results and discussion  353 

 354 

5.1. Printing system 355 

 356 

The printing setup is shown in Fig. 9, where a concrete pump and a dosing pump were used to 357 

deliver the printable concrete material and the bonding agent, respectively. The concrete pump 358 

is illustrated in Fig. 10. During the concrete delivery process, the printable concrete material 359 

was poured into the material container, and was pushed by the material puncher into a delivery 360 

pump. A pressure gauge was installed on the delivery pump to measure the pumping pressure. 361 

The material puncher ensured that the concrete material could be delivered consistently, and 362 

the filament could be printed uniformly without discontinuity. A digital controller was installed 363 

on the concrete pump to control the pump rotational speed, and another digital controller was 364 

installed on the material puncher machine to control the punching frequency.  365 

 366 

The dosing pump is shown in Fig. 11. During the bonding agent deposition process, the 367 

bonding agent was poured into the container, and its delivery speed was controlled by the 368 

digital controller. A flow meter (AXG002, Yokogawa Pte. Ltd) was used for measuring the 369 

flow rate of the bonding agent. Although the concrete pump and the dosing pump were working 370 

separately at the current stage, the entire system, including the concrete printer, the concrete 371 
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pump, and the dosing pump, can be integrated to achieve easier control of the printing, delivery, 372 

and deposition processes in the future.  373 

 374 

 375 

Fig. 9 The synchronized concrete and bonding agent deposition system. 376 
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 377 

Fig. 10 The concrete pump. 378 

 379 

 380 

Fig. 11 The dosing pump for bonding agent delivery. 381 

 382 

The prototype of the designed print-head, which was manufactured by a Raise3D Pro2 FDM 383 

3D printer with polylactic acid, is shown in Fig. 12. Scheme1 in Fig. 3(a) was adopted in the 384 

printing path shown in Fig. 6 to study the effects of various bonding agents. As seen in Fig. 12, 385 

the delivery directions of the printable concrete material and the bonding agent are indicated 386 
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by the solid arrow line and the dash arrow lines, respectively. The funnel receives the bonding 387 

agent and then delivers it to the bonding agent outlet, as shown in Fig. 13.  388 

 389 

 390 

Fig. 12  The prototype of the proposed print-head. 391 

 392 

 393 

Fig. 13 The funnel receives bonding agent and delivers it to the bonding agent outlet : (a) 394 

CAD drawing; (b) 3D printed polymeric part. 395 

 396 

5.2. Interlayer surface morphology and materials 397 

 398 
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In this section, the results of the current work will be discussed for each experiment. All the 399 

raw data adopted for analysis are presented in Appendices A and B. 400 

 401 

The effects of different bonding agents on the relative bond strength, compared with no 402 

bonding agent, are plotted in Fig. 14. As seen in Fig. 14, introducing water between layers 403 

reduces the relative bond strength. The samples with water as the bonding agent also have the 404 

worst average relative bond strength (78%) among all the samples with different bonding 405 

agents. Fig. 15 shows the cross-section of printed specimens manufactured by adding different 406 

bonding agents. Compared with Fig. 15(c)-(f), a high porosity can be observed at the cross-407 

section of the interface (Fig. 15(a) and (b)) when the water is used as the bonding agent. The 408 

possible reason is that too much water on the interface would clog the pores on the rough 409 

surface of the previous layer and, thus, prevent the interaction with the material of the new 410 

layer. Consequently, the adherence between the layers reduces [28], and the porosity in the 411 

interface increases. As a result, the interlayer bond strength decreases.   412 

 413 

 414 

Fig. 14 The effect of different bonding agents on the interlayer bond strength. 415 

 416 
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 417 

Fig. 15 The cross-section view of the specimens manufactured with different bonding agents: 418 

(a) (b) water; (c)(d) polymer solution; (e)(f) cement strengthener. 419 

 420 
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Moreover, as indicated in Fig. 14, the relative bond strength can reach a higher value when 421 

introducing the polymer solution (133%) and the cement strengthener (139%) as bonding 422 

agents, which means adding the polymer solution or the cement strengthener between layers 423 

can improve the interlayer bond strength. Also, both the polymer solution and cement 424 

strengthener produced better interface morphology (Fig. 15(c)-(f)) than water (Fig. 15(a) and 425 

(b)). This is attributed to the fact that the polymer can provide extra chemical forces to bond 426 

two layers compared to the reference group. For the reference group with no bonding agent, 427 

the bond connection can be simply expressed by the interaction of two layers of calcium silicate 428 

hydrate (CSH), which has van der Waals forces in the interlayer region. However, adding the 429 

sulfur-black-carbon (SBC) polymer between the CSH matrix can introduce different types of 430 

forces in the interlayer region, as reported by Hosseini et al. [14]. According to the CSH-SBC-431 

CSH model [14], the interlayer region is filled with electrostatic forces between calcium ions 432 

and the negatively-charged SBC polymer. Similar findings were reported by Wang et al. [22], 433 

where a polymer-modified mortar was used for interlayer bond strength enhancement.  434 

 435 

Cement paste is widely adopted as a high-efficient bonding agent in concrete repairing 436 

[21,29,30]. However, while the relative bond strength with the addition of polymer solution 437 

and the cement strengthener can reach more than 130%, adding cement paste can only slightly 438 

improve the relative bond strength to 110%, as shown in Fig. 14. The possible reason is that 439 

the cement paste adopted in this work has a high viscosity and is difficult to flow smoothly 440 

after deposited atop the filament surface. Furthermore, the deposited cement paste cannot be 441 

spread under the pressure generated by the new layer and finally maintains its formation, as 442 

shown in Fig. 16(a). Consequently, additional defects formed at the sides of the deposited 443 

cement paste (Fig. 16(b)) deteriorate the interlayer bond strength. As a result, the cement paste 444 

cannot effectively act as a bonding agent between layers for interlayer bond strength 445 

enhancement. 446 

 447 

In order to address the issue associated with the high viscosity of the cement paste, a nozzle 448 

with a spreader was designed in this work, and another experiment was conducted to examine 449 

the effect of the spreader on interlayer bond strength enhancement. 450 

 451 

https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/interlayer
https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/electrostatics
https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/calcium-ion
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 452 

Fig. 16 The cross-section view of the specimens manufactured with cement paste as the 453 

bonding agent: (a)(b) by a nozzle without a spreader; (c)(d) by a nozzle with a spreader. 454 

 455 

The CAD models and photos of the designed nozzles are shown in Fig. 17. The nozzle shown 456 

in Fig. 17(a) and (b) does not have a spreader, while the nozzle shown in Fig. 17(c) and (d) has 457 

a spreader attached in the front of the concrete outlet. This spreader is designed to re-disperse 458 

the cement paste after the cement paste is deposited atop the printed filament surface during 459 

the deposition process. Fig. 16(c) presents the cross-section view of a manufactured specimen 460 

by the nozzle with a spreader. Clearly, the cement paste of the specimen shown in Fig. 16(c) is 461 

more uniformly distributed between layers compared with that of the specimen shown in Fig. 462 

16(a). Fig. 16(d) shows the zoom-in view of the cross-section, which indicates a better interface 463 

with fewer defects than shown in Fig. 16(b). These results prove that the spreader has high 464 

efficiency in paving cement paste, a bonding agent with high viscosity, and produces better 465 

interlayer bonding strength.  466 
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 467 

 468 

Fig. 17 The designed nozzles: (a) the CAD model of a nozzle without a spreader; (b) a 469 

fabricated nozzle without a spreader; (c) the CAD model of a nozzle with a spreader; (d) a 470 

fabricated nozzle with a spreader. 471 

 472 

The effects of the cement paste with or without a spreader on the interlayer bond strength are 473 

plotted in Fig. 18. When the time interval between layers is 40 minutes, the relative bond 474 

strength of specimens manufactured by a nozzle with a spreader is higher (267%) than that of 475 

specimens manufactured by a nozzle without a spreader (110%). The results reveal that when 476 

the cement paste can be dispersed uniformly atop the printed concrete filament, a small amount 477 

of cement paste (approximately 500 mL/m2) can be an effective bonding agent for improving 478 

the interlayer bond strength.  479 

 480 
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 481 

 482 

Fig. 18 The effects of the cement paste with or without a spreader on the interlayer bond 483 

strength.  484 

 485 

 486 

5.3. Demonstration  487 

 488 

In addition to the experimental tests, a demonstration of the concurrent printing and deposition 489 

system was also conducted in this work. The demonstration video is included in the 490 

supplementary material. To the best of the authors' knowledge, this is the first demonstration 491 

showing an automated system to add the bonding agent between layers in the 3DCP process. 492 

A designed structure of 600 mm × 500 mm × 210 mm (L × W × H) was continuously printed 493 

in 25 minutes, as shown in Fig. 19. The cement strengthener (which is white) was adopted as 494 

the bonding agent to obtain better visibility in the demonstration. The successful printing 495 

proves that the designed system has great potential for engineering applications.  496 

 497 
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 498 

Fig. 19 The demonstration to print a structure of 600 mm × 500 mm × 210 mm  (L × W × H) 499 

with the presented synchronized concrete and bonding agent deposition system (the 500 

demonstration video is included in the supplementary material): (a) the CAD model of the 501 

designed structure; (b) The first two layers were printed; (c) The first seven layers were printed; 502 

(d) The whole structure was printed. 503 

 504 

 505 

6. Summary, discussion, and future works  506 

 507 

6.1. Summary and discussion 508 

 509 

This study demonstrates a novel synchronized concrete and bonding agent deposition system 510 

for interlayer bond strength enhancement in extrusion-based 3DCP. To the best of the authors’ 511 

knowledge, this is the first time that a concurrent concrete and bonding agent deposition 512 

process is presented, proved, and demonstrated. Various bonding agents, including water, a 513 
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cement strengthener, a polymer solution, and a cement paste, were tested through controlled 514 

experiments. The results indicate that when the time interval between layers is 40 minutes, the 515 

relative bond strength compared with no bonding agent can be obtained as high as 267% by 516 

using a small amount (approximately 500 mL/m2) of cement paste as the bonding agent. This 517 

highlights the importance and efficiency of a concurrent printing and deposition system to 518 

enhance the interlayer bond strength. On this basis, the proposed system has contributed to the 519 

3DCP field in the following four aspects:  520 

 521 

(1) Safer printed structures. With the combined process of concrete printing and bonding 522 

agent deposition, safer structures can be constructed as a result of highly improved 523 

interlayer bond strength. By adding bonding agents between layers, the water 524 

impermeability of the 3D printed structure may also be improved. These improvements 525 

would make 3DCP technology more feasible for the construction industry. 526 

 527 

(2) Automation. The synchronized concrete and bonding agent deposition system can be 528 

perfectly compatible with 3DCP and fabricate 3D printed structure with admirable 529 

interlayer bond strength. Compared with other bonding improving methods in previous 530 

literature, the presented system can deposit the bonding agent concurrently and 531 

automatically with the concrete printing process, and the resulted efficiency makes the 532 

system more practicable for future digital concrete applications.  533 

 534 

(3) Lower application barriers. The decreased interlayer bond strength with large interlayer 535 

time intervals sets high requirements for 3DCP to meet application requirements. To 536 

address such a limitation, it is usually necessary to modify the material design, better 537 

plan the printing path, or adopt higher-end printers. However, the proposed system 538 

makes the limitation less critical and would potentially lower the barriers and widen the 539 

applications of 3DCP.  540 

 541 

(4) New thinking. The synchronized system improves 3D printed structure performance 542 

from a brand-new perspective. Instead of focusing on the 3D printable materials, the 543 

proposed system improves the interlayer bond strength by the design of print-head and 544 

process. Furthermore, similar thinking and systems could be applied for the 545 

construction of other functional components by simultaneously depositing multiple 546 
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materials (e.g., cementitious materials, sand powder, ceramic, and other functional 547 

materials). 548 

 549 

 550 

6.2. Future works  551 

 552 

With the demonstration of the synchronized concrete and bonding agent deposition system for 553 

interlayer bond strength enhancement, the primary future is to integrate and coordinate the sub-554 

systems to boost digital concrete automation to a greater extent. Additionally, further research 555 

will focus on the effects on the interface microstructure of different bonding agents with 556 

various time intervals. Since the interface microstructure decides many properties of 3D printed 557 

concrete structure, this investigation will help to explain different bonding performances and 558 

optimize the concurrent deposition process.  559 

 560 

Apart from the microstructural investigation, bonding agents for different interface 561 

enhancement purposes (e.g., improving water impermeability and durability) in digital 562 

concrete will be screened. The exploration of functional interface properties by adding 563 

functional agents, such as self-healing agents and self-sensing agents, is also of great research 564 

interest. 565 
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Appendix A: The raw data of the splitting tensile tests of the specimens manufactured 589 

with various bonding agents  590 

 591 

 592 

 593 

Fig. A1 The splitting tensile test results of the specimens manufactured with various bonding 594 

agents: (a) no bonding agent (reference group); (b) cement paste; (c) water; (d) cement 595 

strengthener; (e) polymer solution. 596 

 597 
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 598 

 599 

 600 

Appendix B: The raw data of the splitting tensile tests of the specimens manufactured 601 

with or without the spreader  602 

 603 

 604 

Fig. B1 The splitting tensile test results of the specimens manufactured: (a) with no bonding 605 

agent (reference group) by a nozzle without a spreader (Fig. A1(a)); (b) with cement paste as 606 

the bonding agent by a nozzle without a spreader (Fig. A1(b)); (c) with no bonding agent 607 

(reference group) by a nozzle with a spreader; (d) with cement paste as the bonding agent by a 608 

nozzle with a spreader. 609 

 610 

 611 
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