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BIM-based task and motion planning prototype for robotic assembly of COVID-19 15 

hospitalisation units—flatpack house 16 

Abstract: Fast transmission of COVID-19 led to mass cancelling of events to contain the virus 17 

outbreak. Amid lockdown restrictions, a vast number of construction projects came to a halt. 18 

Robotic platforms can perform construction projects in an unmanned manner, thus ensuring the 19 

essential construction tasks are not suspended during the pandemic. This research developed a 20 

BIM-based prototype, including a task planning algorithm and a motion planning algorithm, to 21 

assist in the robotic assembly of COVID-19 hospitalisation facilities with prefabricated 22 

components. The task planning algorithm can determine the assembly sequence and coordinates 23 

for various types of prefabricated components. The motion planning algorithm can generate 24 

robots’ kinematic parameters for performing the assembly of the prefabricated components. 25 

Testing of the prototype finds that it has satisfactory performance in terms of 1) the 26 

reasonableness of assembly sequence determined, 2) reachability for the assembly coordinates 27 

of prefabricated components, and 3) capability to avoid obstacles. 28 

Keywords: Building information modelling, robotic construction, hospitalisation facility, 29 

COVID-19 pandemic, motion planning. 30 

1. Introduction 31 

The pandemic caused by COVID-19 is the most serious global health crisis during the past 32 

decades due to the rapid growth in confirmed cases and a massive spike in hospitalisations [1]. 33 

To prevent the further spread of the virus, China built two new hospitals (Leishenshan and 34 

Huoshenshan) in Wuhan and also converted existing facilities to 16 module hospitals [2]. These 35 

measures effectively reduced the number of death and the spread of the virus [3]. Following 36 

these examples, the UK also turned convention centres into seven Nightingale hospitals [4]. 37 

Nevertheless, numerous reports from different world regions indicate that many patients have 38 

limited access to treatment due to the shortage of hospitalisation facilities [5]. As COVID-19 39 

still looms as a significant threat to human beings, critical infrastructure for pandemic isolation 40 

and treatment remains far from adequate globally [3].  41 
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The current method for constructing the COVID-19 hospitalisation facilities is by having 42 

human workers assemble each prefabricated component (e.g., purlin, pillar, beam) into 43 

designated coordinates [2]. However, under the pandemic lockdown situation, it becomes 44 

difficult for workers to access the site and conduct construction activities, and a vast number of 45 

construction projects have come to a halt [6]. As the Associated General Contractors (AGC) in 46 

the US pointed out [7], nearly 90% of the US domestic construction projects were put on hold 47 

in 2020, and more than 27% of the construction organisations have either furloughed or laid off 48 

employees in 2021. As a result, a certain number of COVID-19 healthcare projects, which 49 

should have been constructed to provide the treatment spaces for the infected patients, were not 50 

delivered in time [7]. Consequently, technologies that can enable the unmanned assembly of 51 

hospitalisation facilities from prefabricated components are in urgent need. This spawns the 52 

idea in this research to develop robotic technologies for assembling COVID-19 hospitalisation 53 

facilities.  54 

In the literature, empirical evidence has been provided that the use of robotic technologies 55 

has the potential to replace human labour and alleviate the impact of lockdown restrictions on 56 

the construction progress [8–11]. The evidences are from industry survey [12], systematic 57 

review [13–16], mechanical design [17–20], prototype and methodology development [8–58 

11,21–23], algorithmic design [18,19], and commentary [8,24,25]. In these literature, the 59 

studies by Terada and Murata [8], Willmann et al. [9], Ding et al. [10], and King et al. [11] are 60 

found to have a similar scientific focus to this research — utilising robots to assemble 61 

prefabricated building components. Terada and Murata [8] utilised a robotic manipulator to 62 

assemble building blocks. Willmann et al. [9] designed a robotic prototype for timber 63 

construction, which fosters automation penetration across the digital workflow including timber 64 

fabrication, perforation, and connection. Ding et al. [10] and King et al. [11] presented methods 65 

that can determine assembly coordinates of building components for robotic construction 66 

according to digital blueprints in Rhinoceros.  67 

The COVID-19 hospitalisation facilities are composed of container-type units—flatpack 68 

house, where each flatpack house unit is a ward [2]. The current method to assemble the flatpack 69 

house units of COVID-19 hospitalisation facilities consists of the following characteristics. 70 
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First, there is a fixed sequence for the assembly of the flatpack house unit. The structural frame 71 

is assembled first (including the beam, column, and purlin components). Once the frame is in 72 

place, the floor and roof panels are assembled next. Then, the wall panels are attached. This is 73 

interpreted in greater detail in section 2. Second, the prefabricated components of the flatpack 74 

house are made from lightweight steel, which is more suitable for robot assembly compared 75 

with components that are made from dense materials such as concrete. However, applying 76 

robots to replace human labour in the assembly of flatpack house, there are still difficulties that 77 

await to be addressed. The difficulties lie in letting the end-tip of the robot autonomously follow 78 

a pre-determined sequence to place the prefabricated components in coordinates where they are 79 

needed in space without human intervention. The authors found that the robotic approaches 80 

developed in the existing studies [8–11] (as aforementioned) have limited usability for 81 

addressing the technical difficulties in assembling flatpack house, given the lack of the 82 

following capabilities: 83 

 Pre-determining the assembly sequence of building components. In the existing studies [8–84 

11], the assembly coordinates of prefabricated building components were predetermined 85 

for the robotic assembly. However, the function of determining the assembly sequence of 86 

the prefabricated building components was not considered in their approaches. In such a 87 

case, workers are still needed to collaborate with the robotic platforms to manually input 88 

the coordinates for the assembly of each building component respectively. Given the 89 

pandemic lockdown situation, the robotic assembly of the hospitalisation facilities is 90 

expected to be performed automatically without human intervention. The challenge of such 91 

a solution lies in the generation of a reasonable assembly sequence of building components, 92 

and then the end-tip of the robot can follow the pre-determined sequence to place building 93 

components in coordinates where they are needed in space [23]. Therefore, quantitative 94 

spatial reasoning of the building components’ assembly sequence is a critical issue to 95 

consider for the robotic assembly of the hospitalisation facilities.  96 

Given the background, the scientific question of the study is how to determine a 97 

mathematical relationship between coordinates of prefabricated components and assembly 98 

sequence, with the consideration of their geometry and centroid, for robotic construction. 99 
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Therefore, this research aims to overcome the technical challenges and provide a robotic 100 

prototype that consists of the following: 101 

1) A task planning algorithm that can determine a mathematical relationship between 102 

coordinates of prefabricated components and assembly sequence, with the consideration 103 

of geometry and centroid, for robotic construction; and 104 

2) A motion planning algorithm that can analyse the determined assembly sequence and 105 

coordinates and generate robots’ kinematic parameters for performing the assembly of 106 

COVID-19 hospitalisation facilities. 107 

In addition, in the research field of industrial robot, there are a number of recently 108 

published studies that have reported the data transmission between product design data and 109 

robotic platforms for manufacturing such as Tao et al. [26], Jokić et al. [27], Izagirre et al. [28], 110 

Zhang et al. [29], and Li et al. [30]. However, the authors found that there is still relatively little 111 

information on the data penetration between the building digital designs and robotic platforms. 112 

This research aims to fill in the gap and investigate the data operation method in the proposed 113 

robotic prototype for facilitating the information penetration between the building digital 114 

designs and robotic platforms.  115 

The rest of the paper is organised as follows: section 2 demonstrates the construction 116 

characteristics of COVID-19 hospitalisation facilities, section 3 presents the overall 117 

architecture of the proposed prototype, section 4 illustrates the configuration of the robotic 118 

platform, section 5 interprets the task planning algorithm, section 6 interprets the motion 119 

planning algorithm, section 7 demonstrates the testing results of the developed prototype, 120 

section 8 discusses the theoretical and practical implications, while section 9 summarises the 121 

findings, notes the limitations, and recommends future research directions. 122 

2. Demonstration of COVID-19 hospitalisation facilities 123 

As documented in Luo et al. [2], the COVID-19 hospitalisation facilities of Leishenshan 124 

hospital in Wuhan, China are composed of more than 3000 container-type units—flatpack 125 

house. Each flatpack house unit is a ward, which has a standard size of 6.0 meters long, 3.0 126 

meters wide, and 2.6 meters tall and consists of prefabricated components including purlins, 127 

beams, columns, and panels [2] (see Figure 1).  128 
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 129 

Figure 1. The standard flatpack house unit utilised in Leishenshan hospital. 130 

According to Luo et al. [2] and industrial professionals’ depiction, the current method to 131 

construct the Leishenshan hospitalisation facilities consisted of the following characteristics. 132 

First, the flatpack house units were assembled on-site and piece by piece (by human workers) 133 

from prefabricated components that were made in advance in a factory. Second, the flatpack 134 

house units were hoisted into the designated location and lined up side by side (by a mobile 135 

crane). In Figure 2, the authors utilise a computer-simulated environment to illustrate the 136 

construction procedure. As can be seen, a truck transports the prefabricated components from 137 

the factory to the building site, and worker (A) unloads the components from the truck and 138 

stores them in the trolley. Then worker (B) assembles the flatpack house using prefabricated 139 

components in the trolley. Specifically, the assembly of the flatpack house is threefold. The 140 

structural frame is assembled first (including the beam, column, and purlin components). Once 141 

the frame is in place, the floor and roof panels are assembled next. Then, the wall panels are 142 

attached. When the assembly completes, a mobile crane is used to lift the flatpack house unit 143 

from the assembling area and install the unit into the hoisting area.  144 
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 145 

Figure 2. The Leishenshan hospital construction procedure (illustrated in a computer-146 

simulated environment). 147 

Information on the material and mass of the prefabricated components as well as the 148 

number of each component used in a flatpack house is provided in Table 1. According to the 149 

information, it is estimated that a flatpack house has an overall weight of 969.2 kg. This exceeds 150 

the handling capacity of the top-size industrial robotic manipulator on the market—ABB IRB 151 

8700 (rated payload: 500kg). Mobile cranes might be more suitable than robotic manipulators 152 

for the installation of the standard flatpack house unit at the designated location. Therefore, this 153 

research focuses on robotising the first stage of hospitalisation facilities construction—154 

assembling the flatpack house from prefabricated components. Note that this research focuses 155 

on the robotic assembly of structural components (see Table 1), and does not involve the 156 

installation of mechanical, electrical, and plumbing parts. The robot will replace human labour 157 

in the assembly process, where the construction difficulties lie in letting the end-tip of the robot 158 

autonomously follow a pre-determined sequence to place the prefabricated components in 159 

coordinates where they are needed in space without human intervention. To achieve the targeted 160 

performance for the robot, a task planning algorithm and a motion planning algorithm will be 161 

developed to respectively: 1) determine reasonable assembly coordinates and sequence of 162 

prefabricated components; and 2) analyse the determined assembly sequence and generate 163 



8 
 

robots’ kinematic parameters for performing the assembly of COVID-19 hospitalisation 164 

facilities autonomously without human intervention. Note that the sequence will be determined 165 

in accord with the threefold assembly logic as specified (i.e., first the frame, next the floor and 166 

roof panels, then the wall panels). 167 

Table 1. Material and mass of prefabricated components, and the number of each component 168 

used in a unit.  169 

Component Material Mass (kg) Number 

Beam (Long Edge) Galvanised Steel 55.7 4 

Beam (Short Edge) Galvanised Steel 27.1 4 

Column Galvanised Steel 20.7 4 

Purlin Galvanised Steel 4.8 18 

Wall Panel Metal-skinned Polystyrene  12.9 18 

Floor (Roof) Panel Metal-skinned Polystyrene  16.9 14 

3. System overview of the proposed prototype 170 

This research explores how the COVID-19 hospitalisation facilities can be assembled from 171 

prefabricated components using robotic manipulators. As discussed, the motion control of a 172 

robotic manipulator consists of letting the tip of the end-effector follow a pre-determined 173 

“sequence” of “coordinates”. Thus, the challenge of such a solution lies in the generation of a 174 

reasonable assembly “sequence” of building components, and the precise, automated placement 175 

of building components in “coordinates” where it is needed in space. To provide a prototype 176 

that can outplay the challenges, this research considers expanding the digital blueprint of the 177 

COVID-19 hospitalisation facilities in BIM into robotic control instructions. The process 178 

generates a task planning algorithm and a motion planning algorithm. As Ding et al. [10] 179 

pointed out, BIM projects contain large quantities of spatial information that can be used to 180 

serve build-up activities. For example, BIM projects are composed of loadable families (known 181 

as the “library components”), which are the graphical representations of prefabricated building 182 

components [19] (Figure 3a). To create a BIM project, the families are spatially integrated 183 

(Figure 3b). The process of integrating families into a unifying BIM project creates 184 

georeferenced properties that are useful for determining the assembly coordinates and sequence 185 
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of building components.  186 

 187 

 188 

Figure 3. BIM project creation: (a) BIM loadable families; (b) spatial integration of loadable 189 

families into BIM. 190 

(b) 

(a) 
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BIM design tools (e.g., Autodesk Revit) host informative databases for their projects, 191 

where Application Programming Interface (API) (e.g., Dynamo) can be utilised to couple with, 192 

and democratise, the database for end-users to get access to data and retrieve desired features 193 

[31]. In this research, Dynamo and the Robot Operating System (ROS) were utilised to develop 194 

the robotic prototype for assembling the prefabricated hospitalisation facilities, where 195 

Dynamo’s role is to provide the required data input for ROS. A Dynamo-based task planning 196 

algorithm was developed to locate the assembly coordinates of the building components in the 197 

flatpack house Revit model and then generate a reasonable assembly sequence of the 198 

components based on their coordinates. The assembly sequence data constitutes the information 199 

required for the robotic motion planning. Then, the Robot Operating System (ROS) executes 200 

the motion planning algorithm to analyse the assembly sequence data and generate robots’ 201 

kinematic parameters for performing the assembly of the flatpack house (including the joint 202 

and path parameters). A communication interface was also established to operate the data 203 

transmission between the task and motion planning layers. An overview of the architecture of 204 

the proposed prototype is provided in Figure 4. The detailed steps are discussed in sections 4-7 205 

below. 206 

 207 

Figure 4. An overview of the architecture of the proposed prototype. 208 
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4. Configuration of the robotic platform 209 

The workspace and payload of a robotic manipulator determine if the manipulator is suitable 210 

for certain construction tasks [23]. Workspace is the set of all positions that a manipulator can 211 

reach, which constitutes a reachable volume between the maximum and minimal working 212 

radius of the manipulator [32] (see Figure 5a). However, it was found that when having one 213 

side of the flatpack house placed as close as possible to the minimal working radius, the 214 

workspace of the top size industrial robotic manipulator on the market—ABB IRB 8700 (work 215 

range: 4157mm, rated payload: 500kg)—still cannot fully cover the spatial extent of the 216 

flatpack house for assembly, with the far end being out of reach (see Figure 5a). In this case, 217 

collaborative construction using dual robotic manipulators—KUKA KR 120 R3100 (work 218 

range: 3095mm, rated payload: 120kg)—is considered (see Figure 5b). To provide a reasonable 219 

range of workspace for assembling COVID-19 hospitalisation facilities, the manipulators are 220 

mounted on KUKA KL 4000 linear unit (maximum translational distance: 8500mm) [33]. 221 

Payload is the amount of matter (i.e., mass) that a manipulator can lift [32]. As can be seen in 222 

Table 1, the beam (long edge) is the structural component that has the maximal mass (i.e., 223 

55.7kg). Thus, the manipulator to use in this research should meet the criterion of having its 224 

payload exceed 55.7kg. The rated payload of KR 120 R3100 is 120kg, which meets the criterion 225 

and is robust for the assembly of the flatpack house in this research. 226 

 227 

(a) 
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 228 

Figure 5. Robotic platforms: (a) ABB IRB 8700; (b) KUKA KR 120 R3100. 229 

The robotic manipulator used in this research is composed of one prismatic joint and six 230 

revolute joints (i.e., seven degree-of-freedom (DOF)). A revolute joint enables a relative rotary 231 

motion about an axis, and a prismatic joint translates a linear displacement along an axis [34]. 232 

Kinematic specification of the joints is presented in Figure 6. Motion range of the joints is 233 

provided by KUKA [35] as follows: joint 1 (from 0 to 8.500 m), joint 2 (from -3.227 to 3.227 234 

rad), joint 3 (from -1.483 to 0.872 rad), joint 4 (from -1.361 to 2.093 rad), joint 5 (from -6.106 235 

to 6.106 rad), joint 6 (from -2.181 to 2.181 rad), and joint 7 (from -6.106 to 6.106 rad). The 236 

motion range will be utilised as joint constraints for kinematic analytics in this research. The 237 

COVAL vacuum gripper is connected to the main body of the manipulator through a flange, 238 

which is the end effector and operates utilising vacuum adsorption to hoist building components 239 

[36] (Figure 6). The gripper is designed for heavy-duty applications and can withstand a weight 240 

of up to 68kg.  241 

(b) 
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 242 

Figure 6. Kinematic specification of the joints. 243 

5. Task planning algorithm: determining assembly coordinates and sequence 244 

In this research, the task planning logic to bring into effect is locating the placement coordinates 245 

of the building components for assembly and then generating a reasonable assembly sequence 246 

of the components based on their coordinates. The authors utilised the Autodesk Revit API—247 

Dynamo—to develop the task planning algorithm, which is named the Assembly Coordinates 248 

and Sequence Determination (ACASD) algorithm. Dynamo is a visual programming 249 

environment that extends the parametric analysis capabilities of Revit [37]. The analytic 250 

capability of Dynamo is enabled through functional nodes, which are composed of input and 251 

output ports and are connected in sequence to form a complete logic [37] (see Figure 7). Users 252 

can compile in Python to create nodes for specific functions [31] (e.g., Assembly Sequence () 253 

in Figure 7). The compositions of the ACASD algorithm are presented in Figure 7 and 254 

Algorithm 1 below. As can be seen, the algorithm consists of three sections, which are discussed 255 

in greater detail in the following paragraphs. 256 
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 257 

Figure 7. The architecture of the Assembly Coordinates and Sequence Determination 258 

(ACASD) algorithm. 259 

Algorithm 1: Assembly Coordinates and Sequence Determination (ACASD) Algorithm 

orglst ← categories(structural framing); 

orglst ← categories(Structural Columns); 

orglst ← categories(Floors); 

orglst ← categories(Walls); 

orglst ← orglst.Geometry(); 

orglst ← orglst.Centroid(); 

sortbyZYX(orglst): 

  orglst.sort(key = lambda orglst: (orglst.Z, orglst.Y, orglst.X)); 

  return orglst; 

end 

input ← IN[0]; 

for  𝑖𝑖 in input: 

  if 𝑖𝑖.categories() ! = Walls: 

    result_frame ← append(sortbyZYX(𝑖𝑖)); 

  else: 

    result_wall ← append(sortbyZYX(𝑖𝑖)); 

end 

OUT ← {result_frame, result_wall} 
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Section 1 of the algorithm seeks to let Dynamo identify all building components from the 260 

Revit model in Figure 3b. This is enabled by nodes Categories () and All Elements of Category 261 

() (Figure 7). Categories () returns the names of structural categories that form the Revit model 262 

(e.g., framing, columns, floors). In Revit, the cache keeps track of the building components by 263 

attaching a unique identifier ID to each component. All Elements of Category () can read the 264 

identifier IDs of all components of the returned categories. The reading result is passed to the 265 

List Create () node, which creates a list of the identified components’ IDs (Figure 7). Using the 266 

nodes Element.Geometry () and Solid.Centroid (), section 2 of the algorithm is designed to 267 

locate the identified components in the Revit model’s coordinate system (Figure 8). 268 

Element.Geometry () takes the list of the identified components’ IDs and retrieves the geometry 269 

associated with the IDs from Revit. Solid.Centroid () then detects the vertexes of each geometry, 270 

computes the centroid for each geometry by averaging the sums of the coordinates of the 271 

vertexes, and plots the centroid (represented by black dots in Figure 8). The origin of the 272 

reference frame for describing the centroid coordinates was set at the bottom-left corner of the 273 

flatpack house (blue arrow—z-axis, red arrow—x-axis, and green arrow—y-axis) (Figure 8).  274 

 275 

Figure 8. Centroids of the building components are plotted in Dynamo. 276 

Section 3 of the algorithm concerns the creation of a reasonable assembly sequence for the 277 

building components. The procedure for constructing a flatpack house can be presented as a 278 

sequence of subtasks [2]: the frame is first assembled and then the wall panels are enclosed 279 
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(Figure 9a). The frame consists of bottom and top frames as transverse bearing constitution and 280 

columns as vertical supporting (Figure 9a), where the assembly sequence incorporates the 281 

bottom-to-top, left-to-right, and back-to-front processing (Figure 9b). The processing derives a 282 

vector that points along in sequence the z-axis, the y-axis, and the x-axis. Given that the size of 283 

the flatpack house is 6.0 meters long, 3.0 meters wide, and 2.6 meters tall [2], the vector 𝑢𝑢�⃗ =284 

𝑧𝑧 + 𝑦⃗𝑦 + 𝑥⃗𝑥 = (0, 0, 2.6) + (0, 6, 0) + (3, 0, 0) = (3, 6, 2.6)  (Figure 9b). The node Assembly 285 

Sequence () in section 3 was defined to derive the vector 𝑢𝑢�⃗  as introduced. When running the 286 

Assembly Sequence () node, the vector 𝑢𝑢�⃗  is applied to detecting in sequence the z-, y-, then x-287 

coordinate values of the building components’ centroids. This process first generates a list of 288 

building components arranged in ascending order along the z-axis (from the bottommost to the 289 

topmost). Then, for components that indicate the same size of z-coordinate values, the left-to-290 

right, back-to-front procedure makes inferences to sort the components along the y-axis (from 291 

the leftmost to the rightmost), then the x-axis (from the rearmost to the foremost). Following 292 

the process, the assembly sequence for the frame is determined. For wall panels, the assembly 293 

sequence is determined in the same manner. 294 

 295 

 296 

(a) 
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 297 

Figure 9. Assembly process of a flatpack house: (a) the frame and wall sequence; (b) the 298 

bottom-to-top, back-to-front, left-to-right processing. 299 

The output of the Assembly Sequence () node is: “result_frame = []; result_wall = []; OUT 300 

= result_frame + result_wall”. The “result_frame” paradigm contains the centroid coordinates 301 

of the frame components sorted in the assembly sequence order. The “result_wall” paradigm 302 

contains the centroid coordinates of the wall panels sorted in the assembly sequence order. The 303 

“OUT = result_frame + result_wall” paradigm indicates that the sortation of frame components 304 

comes before the listing of wall panels’ centroid coordinates. This is consistent with the aimed 305 

assembly sequence that the frame is first assembled and then the wall panels are enclosed. 306 

Subsequently, the outputs are supplemented to form an analysable data file for the ROS 307 

executions, which constitutes the information required for the robotic motion planning. This 308 

research used Industry Foundation Classes (IFC) as the interoperable data format between the 309 

task planning layer (in BIM) and the motion planning layer (in ROS).  310 

The communication interface in Figure 10 was designed for data transmission between the 311 

task and motion planning layers, which is enabled by functional nodes at Dynamo, IFC and 312 

ROS terminals. First, the node Export_IFC () at the Dynamo terminal takes the sorted assembly 313 

sequence list and exports it to an IFC file. Then, the node IfcAxis2Placement3D () at IFC 314 

terminal organises data entries in a string form that can be parsed by the ROS system as follows: 315 

“#IFC Identifier = ifcPropertyStringValue(Parameter Label).placement(Parameter Content)” 316 

(b) 
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(see Figure 10). The node Subscriber () at the ROS terminal is responsible for parsing the 317 

assembly coordinates and sequence data from the IFC tags. The robots’ joint and trajectory 318 

parameters for performing the assembly of the prefabricated components will be generated 319 

based on the IFC data provided (see “Joint Interface” and “Trajectory Interface” in Figure 10). 320 

Finally, the node Publisher () at the ROS terminal publishes the generated joint and trajectory 321 

parameters for controlling the robotic manipulator. 322 

 323 

Figure 10. Communication interface for data transmission between the task and motion 324 

planning layers. 325 

6. Motion planning algorithm: generating kinematic parameters while avoiding 326 

obstacles  327 

The kinematic equation is fundamental to robotic motion planning, which can be used to 328 

compute values for the joints that achieve a desired position for the end-tip of a manipulator 329 

[34]. To derive the kinematic equation of the manipulator used in this research, reference frames, 330 

which are used to specify movements of each joint, were attached to the joints (as specified in 331 
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Figure 6) following the right-hand convention rules [38,39] (Figure 11).  332 

 333 

Figure 11. Reference frames are attached to the robotic manipulator. 334 

The pose relationship (i.e., position and orientation) between two successive joints can be 335 

derived from attached frames using Denavit-Hartenberg (D-H) notation [40]. DH notation 336 

consists of four transformation parameters 𝑑𝑑𝑖𝑖, 𝜃𝜃𝑖𝑖, 𝑎𝑎𝑖𝑖, and 𝛼𝛼𝑖𝑖 (see Figure 11), which gives a 337 

standard methodology to write the kinematic equations of a robotic manipulator [40]. The 338 

parameter 𝑑𝑑𝑖𝑖 notates the linear displacement along z-axis in the 𝑖𝑖th frame. The parameter 𝜃𝜃𝑖𝑖 339 

notates the rotary angle around the z-axis in the 𝑖𝑖th frame. The parameter 𝑎𝑎𝑖𝑖 notates the link 340 

length between 𝑖𝑖th and 𝑖𝑖 + 1th frames along the x-axis in the 𝑖𝑖th frame. The parameter 𝛼𝛼𝑖𝑖 341 

notates the twist angle between the z-axes in the 𝑖𝑖 − 1 th and 𝑖𝑖 th frames. For the 7 DOF 342 

manipulator, 𝑑𝑑𝑖𝑖  and 𝜃𝜃𝑖𝑖  are variables altering as the joints operate, and 𝑎𝑎𝑖𝑖  and 𝛼𝛼𝑖𝑖  are 343 

constants reflecting the mechanical structure of the manipulator (e.g., link length) (see Table 2).  344 

Table 2. D-H parameters of 7 DOF robotic manipulator. 345 

𝒊𝒊th frame (joint) 𝒅𝒅𝒊𝒊 (m) 𝜽𝜽𝒊𝒊 (rad) 𝒂𝒂𝒊𝒊 (m) 𝜶𝜶𝒊𝒊 (rad) 

1 (prismatic) 𝑑𝑑1 0 𝑎𝑎1 = 1.334  0 

2 (revolute) 0 𝜃𝜃2 𝑎𝑎2 = 0.330  𝛼𝛼2 = 1.570 

3 (revolute) 0 𝜃𝜃3 𝑎𝑎3 = 1.350 𝛼𝛼3 = 1.570 

4 (revolute) 0 𝜃𝜃4 𝑎𝑎4 = 0.115 𝛼𝛼4 = 1.570 
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5 (revolute) 0 𝜃𝜃5 𝑎𝑎5 = 1.420 𝛼𝛼5 = 1.570 

6 (revolute) 0 𝜃𝜃6 𝑎𝑎6 = 0.308 𝛼𝛼6 = 1.570 

7 (revolute) 0 𝜃𝜃7 0 𝛼𝛼7 = 1.570 

The transformations (i.e., 𝑑𝑑𝑖𝑖, 𝜃𝜃𝑖𝑖, 𝑎𝑎𝑖𝑖, and 𝛼𝛼𝑖𝑖) along the serial frames form the kinematic 346 

equation (𝑇𝑇), which were derived by multiplying the homogeneous transformation matrices of 347 

𝑑𝑑𝑖𝑖, 𝜃𝜃𝑖𝑖, 𝑎𝑎𝑖𝑖, and 𝛼𝛼𝑖𝑖 [40]:  348 

𝑇𝑇 = ∏ �

𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑖𝑖) −𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑖𝑖)
𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑖𝑖) 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑖𝑖)𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑖𝑖)

𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑖𝑖)𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼𝑖𝑖) 𝑎𝑎𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑖𝑖)
−𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑖𝑖)𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼𝑖𝑖) 𝑎𝑎𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑖𝑖)

0                  𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼𝑖𝑖)
0                  0

𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑖𝑖)                𝑑𝑑𝑖𝑖
0                1

�7
𝑖𝑖=1      (1) 349 

where 𝑇𝑇  is the manipulator end-effector’s Cartesian coordinate; 𝑑𝑑𝑖𝑖 , 𝜃𝜃𝑖𝑖 , 𝑎𝑎𝑖𝑖 , and 𝛼𝛼𝑖𝑖  are 350 

associated with each joint’s reference frame system.  351 

In construction sites, motion planning methods can help the robotic manipulator 352 

autonomously and safely manoeuvre around assembled parts. Based on the kinematic equation 353 

(𝑇𝑇 ) derived, a motion planning algorithm was applied. Considering the trade-off between 354 

computational time and path quality, the authors used a redefined sampling-based motion 355 

planning algorithm—Rapidly Exploring Random Tree Star (RRT*) [41].  356 

Given 𝜒𝜒 as the 3-dimensional configuration space for our motion planning problem and 357 

𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜  as the known obstacle space, the collision-free space can be calculated by 358 

𝜒𝜒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜒𝜒\𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜. The start state 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (i.e., the pick-up coordinate), the goal state 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 359 

(i.e., the assembly coordinate), the 3-dimensional configuration space 𝜒𝜒  and the known 360 

obstacle space 𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜 are required as inputs in this algorithm. 361 

The detailed process of the RRT* algorithm is presented in Algorithm 2 and explained 362 

below: 363 

Algorithm 2: Rapidly Exploring Random Tree Star (RRT*) (𝜒𝜒, 𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜, 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔, 𝑁𝑁) 

𝑉𝑉 ← 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔; 

𝐸𝐸 ← ∅; 

for  𝑖𝑖 = 1, 2, …, 𝑁𝑁 do 

  𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ← Sample(𝜒𝜒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑁𝑁); 

  𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ← Nearest(𝑉𝑉, 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟); 
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  𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 ← Steer(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠); 

  if CollisionFree(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜) then 

    𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ← Near(𝑉𝑉, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝑟𝑟); 

    𝜂𝜂 ← Line(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝑠𝑠); 

    (𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛) ← Parent(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝜂𝜂); 

    𝑉𝑉 ← 𝑉𝑉 ∪ {𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛}; 

    𝐸𝐸 ← 𝐸𝐸 ∪ {(𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛)}; 

    𝐺𝐺 ← Rewire (𝐺𝐺, 𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛); 

  end 

end 

return 𝐺𝐺(𝑉𝑉,𝐸𝐸); 

 First, the function Sample(𝜒𝜒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) generates a random state 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 inside the collision-364 

free space 𝜒𝜒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  based on a uniform distribution. Specifically, a uniform distribution 365 

means that the probability of the potential position of 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 at any point within 𝜒𝜒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 366 

is equal; 367 

 Second, a comparison between the randomly sampled state 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and the rest states in 368 

the set of nodes 𝑉𝑉 is performed to find the nearest state 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 to 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟; 369 

 Third, the function Steer(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) generates a new state 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 that is 370 

closer to 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 by connecting 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 with a steering function; 371 

 Fourth, the function CollisionFree(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜) checks if there is any collision 372 

between the straight path from 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 to 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 and the known obstacle space 𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜; 373 

 Fifth, if there is no collision found, the function Near(𝑉𝑉, 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝑟𝑟) collects a set of states, 374 

which locates within a spherical space that uses 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛  as the centre and a predefined 375 

parameter 𝑟𝑟 as the radius; 376 

 Sixth, the function Line(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 , 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 , 𝑠𝑠 ) connects 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛  and 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  with a 377 

straight line. The length of the straight line is equal to another predefined parameter step 378 

size 𝑠𝑠; 379 

 Seventh, the function Parent(𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛, 𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝜂𝜂) selects the state with the minimum cost-380 

to-go 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 from the set 𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 as the parent state 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚; 381 
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 Eighth, the new state 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 is added to the set of nodes 𝑉𝑉, and the new edges that connect 382 

𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 is added to the set of edges 𝐸𝐸; 383 

 Ninth, the function Rewire(𝐺𝐺 , 𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 , 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛 ) keeps adding or removing some edges 384 

between 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛  and the states in 𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  to ensure the path is optimised and has a 385 

minimum cost; 386 

 Last, this algorithm computes the global graph 𝐺𝐺(𝑉𝑉,𝐸𝐸), where the optimised global path 387 

𝜃𝜃 = [𝑥𝑥1,⋯𝑥𝑥𝑁𝑁] is embedded within this global graph after repeating N times. 388 

Overall, RRT* keeps sampling random nodes 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  within the collision-free space 389 

𝜒𝜒𝑓𝑓𝑟𝑟𝑒𝑒𝑒𝑒, and then reviews the global graph 𝐺𝐺(𝑉𝑉,𝐸𝐸) through measuring the potential cost-to-go 390 

to every node 𝑥𝑥 ∈ 𝑉𝑉, which locates within the spherical space near the newly sampling node 391 

𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛. An example of applying RRT* to perform motion planning for a robotic manipulator to 392 

assemble the main beam (short edge) is illustrated in Figure 12. Figures 10a and 10b show a 393 

simulated construction environment, where the two robotic manipulators are simultaneously 394 

assembling the main beams (short edge). In Figure 12a, the end-tip of the manipulators are at 395 

their start points to pick up the prefabricated beams from the trolleys. In Figure 12b, the end-396 

tip of the manipulators are at their goal points to place the prefabricated beams at the designated 397 

location. Figures 10c and 10d show the corresponding motion planning problem solved by 398 

RRT* in ROS Rviz. As can be seen, the start point is represented in green, the goal point is 399 

represented in red, the obstacle space is represented in grey, tree branches of the RRT* 400 

algorithm are represented in orange, and the resulting optimised assembly path is represented 401 

in blue. Note that each manipulator’s base coordinate system is marked as a world coordinate 402 

system, and the prefabricated components’ assembly coordinates as determined via the task 403 

planning algorithm are unified into the manipulator’s base coordinate system for motion 404 

planning. 405 
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 406 

 407 

 408 
 409 

Figure 12. Using robotic manipulators to perform an assembly task in a simulated construction 410 

site: (a) and (b) show a simulated construction environment, where the two robotic manipulators 411 

are simultaneously assembling the main beams (short edge); (c) and (d) show the corresponding 412 

motion planning problem solved by RRT* in ROS Rviz. 413 

7. Testing of the prototype 414 

Tests were performed to evaluate the developed prototype in terms of 1) reasonableness of 415 

assembly sequence determined for a given flatpack house BIM model, 2) reachability for the 416 

assembly coordinates of prefabricated components, and 3) capability to avoid obstacles.  417 

7.1 Reasonableness of assembly sequence 418 

The authors recreated the standard flatpack house unit in Autodesk Revit, and applied the 419 

ACASD algorithm of the prototype to locate prefabricated components in the Revit model’s 420 

reference frame and determine the assembly coordinates and sequence for each component. The 421 

result is provided in Table 3 below. As can be seen, the ACASD algorithm can create a 422 

reasonable assembly sequence for the flatpack house. First, the frame is assembled (components 423 

1-44, Table 3), and then the wall panels are enclosed (components 45-62, Table 3). The frame 424 

(a) (b) 

(c) (d) 
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consists of bottom and top frames as the transverse bearing constitution and columns as vertical 425 

supporting, where the sequence implies a bottom-to-top, left-to-right, and back-to-front 426 

assembly logic. This is reflected in Table 3: components 1-20 for the bottom frame, components 427 

21-24 for the column, and components 25-44 for the top frame.  428 

Table 3. Assembly sequence and coordinates of the prefabricated building components. 429 

Sequence Components Coordinates Sequence Components Coordinates 
1 Beam (Short Edge) (1.50, 0.00, 0.00) 32 Purlin (1.50, 2.40, 2.61) 
2 Beam (Long Edge) (0.00, 3.00, 0.00) 33 Purlin (1.50, 3.00, 2.61) 
3 Beam (Long Edge) (3.00, 3.00, 0.00) 34 Purlin (1.50, 3.60, 2.61) 
4 Beam (Short Edge) (1.50, 6.00, 0.00) 35 Purlin (1.50, 4.20, 2.61) 
5 Purlin  (1.50, 0.60, 0.01) 36 Purlin (1.50, 4.80, 2.61) 
6 Purlin  (1.50, 1.20, 0.01) 37 Purlin (1.50, 5.40, 2.61) 
7 Purlin  (1.50, 1.80, 0.01) 38 Roof Panel  (1.50, 0.05, 2.66) 
8 Purlin  (1.50, 2.40, 0.01) 39 Roof Panel  (1.50, 0.70, 2.66) 
9 Purlin  (1.50, 3.00, 0.01) 40 Roof Panel  (1.50, 1.85, 2.66) 
10 Purlin  (1.50, 3.60, 0.01) 41 Roof Panel  (1.50, 3.00, 2.66) 
11 Purlin  (1.50, 4.20, 0.01) 42 Roof Panel  (1.50, 4.15, 2.66) 
12 Purlin  (1.50, 4.80, 0.01) 43 Roof Panel  (1.50, 5.30, 2.66) 
13 Purlin  (1.50, 5.40, 0.01) 44 Roof Panel  (1.50, 5.95, 2.66) 
14 Floor Panel (1.50, 0.05, 0.06) 45 Wall Panel (1.80, -0.06, 1.17) 
15 Floor Panel (1.50, 0.70, 0.06) 46 Wall Panel (1.83, 6.05, 1.17) 
16 Floor Panel (1.50, 1.85, 0.06) 47 Wall Panel (2.65, -0.06, 1.30) 
17 Floor Panel (1.50, 3.00, 0.06) 48 Wall Panel (3.05, 0.65, 1.30) 
18 Floor Panel (1.50, 4.15, 0.06) 49 Wall Panel (-0.05, 0.66, 1.30) 
19 Floor Panel (1.50, 5.30, 0.06) 50 Wall Panel (3.05, 1.80, 1.30) 
20 Floor Panel (1.50, 5.95, 0.06) 51 Wall Panel (-0.05, 1.81, 1.30) 
21 Column (-0.03, -0.03, 1.30) 52 Wall Panel (3.05, 2.95, 1.30) 
22 Column (3.03, -0.03, 1.30) 53 Wall Panel (-0.05, 2.96, 1.30) 
23 Column (-0.03, 6.03, 1.30) 54 Wall Panel (3.05, 4.10, 1.30) 
24 Column (3.03, 6.03, 1.30) 55 Wall Panel (-0.05, 4.11, 1.30) 
25 Beam (Short Edge) (1.50, 0.00, 2.60) 56 Wall Panel (3.05, 5.25, 1.30) 
26 Beam (Long Edge) (0.00, 3.00, 2.60) 57 Wall Panel (-0.05, 5.26, 1.30) 
27 Beam (Long Edge) (3.00, 3.00, 2.60) 58 Wall Panel (3.05, 5.87, 1.30) 
28 Beam (Short Edge) (1.50, 6.00, 2.60) 59 Wall Panel (-0.05, 5.88, 1.30) 
29 Purlin (1.50, 0.60, 2.61) 60 Wall Panel (0.66, 6.05, 1.30) 
30 Purlin (1.50, 1.20, 2.61) 61 Wall Panel (2.65, 6.05, 1.30) 
31 Purlin (1.50, 1.80, 2.61) 62 Wall Panel (0.60, -0.06, 1.73) 
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7.2 Reachability for the assembly coordinates 430 

The robotic manipulator used in this research is composed of one prismatic joint and six 431 

revolute joints (Figure 11). The relationship between the manipulator joint coordinates and the 432 

end-effector’s Cartesian coordinate is given by the kinematic equation (𝑇𝑇) (1) as derived above. 433 

Thus, the problem of whether a given assembly coordinate is kinematically reachable for the 434 

robotic manipulator can be solved by formulating the following equation: 435 

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑑𝑑1
𝜃𝜃2
𝜃𝜃3
𝜃𝜃4
𝜃𝜃5
𝜃𝜃6
𝜃𝜃7⎦
⎥
⎥
⎥
⎥
⎥
⎤

= 𝑇𝑇−1(�
𝑥𝑥
𝑦𝑦
𝑧𝑧
�)                               (2) 436 

where (𝑑𝑑1, 𝜃𝜃2, 𝜃𝜃3, 𝜃𝜃4, 𝜃𝜃5, 𝜃𝜃6, 𝜃𝜃7) are the manipulator joint variables, which are subject to 437 

the following motion constraints as mentioned in section 4: 0 ≤ 𝑑𝑑1 ≤ 8.500 𝑚𝑚;  −3.227 ≤438 

𝜃𝜃2 ≤ 3.227 rad; −1.483 ≤ 𝜃𝜃3 ≤ 0.872 rad; −1.361 ≤ 𝜃𝜃4 ≤ 2.093 rad; −6.106 ≤ 𝜃𝜃5 ≤439 

6.106 rad; −2.181 ≤ 𝜃𝜃6 ≤ 2.181 rad; −6.106 ≤ 𝜃𝜃7 ≤ 6.106 rad ; 𝑇𝑇−1  is the inverse 440 

operation of the kinematic equation (𝑇𝑇) (1); (𝑥𝑥,𝑦𝑦, 𝑧𝑧) is a given assembly coordinate. Note that 441 

the assembly coordinates as determined via the task planning algorithm are the geometric 442 

centroids of the prefabricated components. The Cartesian coordinate of the manipulator end-443 

effector represents the position where a component is adsorbed by the vacuum gripper. To 444 

provide the appropriate (𝑥𝑥,𝑦𝑦, 𝑧𝑧) input for equation (2), the assembly coordinates are converted 445 

to the Cartesian coordinate of the manipulator end-effector based on the geometric features of 446 

the prefabricated components.  447 

Equation (2) is to find a set of (𝑑𝑑1 , 𝜃𝜃2 , 𝜃𝜃3 , 𝜃𝜃4 , 𝜃𝜃5 , 𝜃𝜃6 , 𝜃𝜃7 ) which satisfies a given 448 

assembly coordinate (𝑥𝑥,𝑦𝑦, 𝑧𝑧). If a solution can be found, the coordinate (𝑥𝑥,𝑦𝑦, 𝑧𝑧) is reachable 449 

for the manipulator. The 62 assembly coordinates in Table 3 were tested given equation (2) and 450 

the motion range of each joint. The results indicated that using dual robotic manipulators KUKA 451 

KR 120 R3100 (see Figure 5b) enlarges the workspace and can fully cover the spatial extent of 452 

the flatpack house for assembly, where solutions exist for the 62 assembly coordinates. Figure 453 

13 showcases eight examples of assembly coordinates reached by robotic manipulators in a 454 

simulated construction environment. The corresponding solutions for Figure 13 examples are 455 
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provided in Table 4.  456 

  457 
 458 

   459 
 460 

   461 
 462 

   463 
 464 

Figure 13. Examples of assembly coordinates reached by robotic manipulators in a simulated 465 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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construction environment: (a) bottom frame main beam (short edge); (b) bottom frame floor 466 

panel; (c) column; (d) top frame main beam (long edge); (e) top frame purlin; (f) top frame roof 467 

panel; (g) wall panel (long edge); (h) wall panel (short edge). 468 

Table 4. Corresponding solutions for Figure 13 examples. 469 

Solution 𝒅𝒅𝟏𝟏 (m) 𝜽𝜽𝟐𝟐 (rad) 𝜽𝜽𝟑𝟑 (rad) 𝜽𝜽𝟒𝟒 (rad) 𝜽𝜽𝟓𝟓 (rad) 𝜽𝜽𝟔𝟔 (rad) 𝜽𝜽𝟕𝟕 (rad) 

Figure 13a 0.909 0.000 -1.483 0.371 -1.600 1.234 -2.700 

Figure 13b 1.950 0.000 -1.483 0.705 0.000 0.763 0.000 

Figure 13c 6.239 0.572 -0.862 0.183 -1.954 -2.006 0.765 

Figure 13d 4.318 0.010 -0.028 -0.013 0.232 -0.043 0.232 

Figure 13e 2.000 -0.174 -1.232 1.907 -1.681 1.706 -0.889 

Figure 13f 1.999 0.000 -0.499 0.785 0.000 1.857 0.000 

Figure 13g 3.455 -0.671 -0.754 -0.113 0.805 -1.040 0.485 

Figure 13h 0.922 0.000 -1.483 1.174 4.674 1.128 4.394 

7.3 Capability to avoid obstacles 470 

Testing the developed prototype in the simulated construction environment also finds that it has 471 

satisfactory obstacle avoidance performance. The motion planning RRT* algorithm 472 

successfully recognised the robotic manipulator and already-in-place prefabricated components 473 

as obstacles and generated a series of optimised robotic motions to avoid the obstacles. Figure 474 

14 presents an example of robotic motion optimisation for top frame purlin assembly. The 475 

optimisation routine as illustrated sequentially in the sub-figures is interpreted in the figure 476 

caption. 477 

  478 
 479 (a) (b) 



28 
 

  480 
 481 

  482 
 483 

  484 
 485 

  486 
 487 

Figure 14. An example of robotic motion optimisation for top frame purlin assembly: (a) and 488 

(b) show that the robotic manipulator hoists vertically the purlin and moves forward along joint 489 

1 axis while having its joint 3 rotate backward and joint 4 rotate forward to keep the end-tip (as 490 

(c) (d) 

(e) (f) 

(g) (h) 

(i) (j) 
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well as the purlin) in a distance from the obstacle (i.e., already-in-place flatpack house unit); 491 

(c), (d), (e), (f), and (g) show that joints 3, 4, 5, 6, and 7 of the manipulator adjust their respective 492 

angles cooperatively to achieve the pose in (h) and in the meantime avoid the purlin-obstacle 493 

collision; (h) and (i) show that the robotic manipulator hoists horizontally the purlin and moves 494 

forward along joint 1 axis to approach beneath the assembly coordinate of the purlin; (j) shows 495 

that joints 4, 5, 6, and 7 of the manipulator adjust their respective angles cooperatively to place 496 

the purlin at the designated assembly coordinate. 497 

8. Discussion 498 

In scrutinising the scientific question as proposed, the findings suggest that the question has 499 

been answered in this research. The robotic prototype was developed to reflect the construction 500 

characteristics and difficulties of COVID-19 hospitalisation facilities, which consists of a task 501 

planning algorithm and a motion planning algorithm that can respectively: 1) derive a vector 502 

that can determine the mathematical relationship between coordinates of prefabricated 503 

components and assembly sequence, with the consideration of geometry and centroid, for 504 

robotic construction; and 2) analyse the determined assembly sequence and generate robots’ 505 

kinematic parameters for performing the assembly of COVID-19 hospitalisation facilities 506 

autonomously without human intervention.  507 

As presented in section 7, the developed prototype was tested in three aspects: 1) 508 

determination of the assembly sequence, 2) reachability for the assembly coordinates of 509 

prefabricated components, and 3) capability to avoid obstacles. To quantitatively evaluate the 510 

assembly sequence determination performance, the coordinates of each building component in 511 

the sorted sequence list (Table 3) were scrutinised (section 7.1). As can be seen, the coordinates 512 

were arranged in ascending order along the z-axis (from the bottommost to the topmost), the y-513 

axis (from the leftmost to the rightmost), then the x-axis (from the rearmost to the foremost). 514 

This implies a reasonable bottom-to-top, left-to-right, and back-to-front assembly logic. To 515 

quantitatively evaluate whether the assembly coordinates of each component are reachable, the 516 

kinematic analysis on the robotic platform was performed (section 7.2). The results showed that 517 

the robot joint solution (𝑑𝑑1, 𝜃𝜃2, 𝜃𝜃3, 𝜃𝜃4, 𝜃𝜃5, 𝜃𝜃6, 𝜃𝜃7) existed for all the assembly coordinates 518 

of the 62 prefabricated components. The authors further ran simulations to test whether the joint 519 
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solutions produce weird robot poses. The results indicated that the robot configurations for all 520 

the assembly coordinates were reasonable and no weird poses were observed. Eight showcase 521 

examples are provided in Figure 13. In addition, the collision avoidance capability of the 522 

developed prototype was tested (section 7.3). The motion planning RRT* algorithm 523 

successfully recognised the robotic manipulator and already-in-place prefabricated components 524 

as obstacles and generated a series of optimised robotic motions to avoid the obstacles (see an 525 

example presented in Figure 14).  526 

The original innovation of this research is to provide the following three outcomes for the 527 

research community: 528 

1) The Assembly Coordinates and Sequence Determination (ACASD) algorithm (open source: 529 

https://github.com/yifanrepo/ACASD). In the existing studies [8–11], the assembly 530 

coordinates of prefabricated building components were predetermined for the robotic 531 

assembly. However, the function of determining the assembly sequence of the prefabricated 532 

building components was not considered in their approaches. The ACASD algorithm can 533 

be used to determine both the assembly coordinates and sequence for a given flatpack house 534 

BIM model. 535 

2) The seven degree-of-freedom (DOF) robotic manipulator kinematic equation. The robotic 536 

manipulators used in the previous studies [8–11] in this field only have six revolute joints 537 

(i.e., six DOF) and the bases of their manipulators are fixed. In this research, the 538 

manipulator has an additional prismatic joint based on the six revolute joints (i.e., seven 539 

DOF), which enables the base of the manipulator to move along a linear track to attain a 540 

higher range of workspace. The seven DOF equation developed in this research 541 

incorporates the manipulator base’s moving capability in the kinematic design, which is 542 

more suitable for construction-related scenarios.  543 

3) The virtual environment for simulating the assembly of flatpack house using robotic 544 

manipulators (open source: https://github.com/yifanrepo/virtual-construction). The authors 545 

rigorously modelled the environment to reflect physical effects (e.g., gravity) and 546 

workplace resources (e.g., machinery, prefabricated building components, and workers). 547 

In a real project, the robotic prototype developed in this research can be set up as the digital 548 

https://github.com/yifanrepo/ACASD
https://github.com/yifanrepo/virtual-construction
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representation of the project and uses its self-contained task and motion planning algorithms to 549 

generate useful data input for instructing the robotic assembly. Once the robotic manipulators 550 

are set up in the real world, the ROS environment of the prototype can be used to recreate the 551 

project’s real-world situations (Figure 15). This is enabled by using 3D modelling to create 552 

digital companions for the on-site physical objects, which provides a way to project the 553 

workplace settings into the prototype’s digital world. Therefore, the digital environment forms 554 

a one-to-one correspondence mapping of the physical objects’ shape, texture, location, and 555 

motion (see Figure 15). This ensures that the properties of the physical objects can be well 556 

transferred to their digital counterparts and the virtual representation of the workplace is 557 

efficient for spatial reasoning and motion planning. Specifically, the workflow of our prototype 558 

is as follows. First, the ROS terminal receives the assembly sequence and coordinates data from 559 

BIM, and marks the pick-up and assembly locations of the prefabricated building components 560 

in its spatial reference system (see Figure 15). The pick-up and assembly locations represent 561 

the start and goal states for motion planning respectively. Then, the RRT* algorithm generates 562 

the manipulators’ joint parameters for performing the assembly of the flatpack house based on 563 

the marked start and goal states in the ROS environment, and publishes joint control signals to 564 

the digital processors of the robotic manipulators in the real world. In this situation, the end-565 

tips of the manipulators will be driven by the signals to pick up the prefabricated components 566 

from the trolleys and follow a pre-determined sequence to transfer each component to the 567 

assembly coordinates (see Figure 15). Note that as electrical outlets are not always available in 568 

the exact location where the manipulators are positioned on-site, extension cords can be used 569 

to reach the manipulators’ locations and supply the necessary power to get the assembly job 570 

done. When the assembly of a flatpack house unit completes, a mobile crane is used to lift the 571 

unit from the assembling area and install the unit into the hoisting area (see Figure 15).  572 
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 573 

Figure 15. The robotic platform for constructing prefabricated hospitalisation facilities. 574 

The practical value of our robotic prototype is twofold: 575 

1) Once the robotic manipulators are set up in a real project, the prototype can publish useful 576 

joint control signals to the digital processors of the manipulators for the assembly of 577 

COVID-19 hospitalisation facilities.  578 

2) In a real project, the robotic manipulators can replace human labour in the assembly of 579 

flatpack house, where one worker is needed to operate the data transmission inside the 580 

robotic prototype. In this case, the number of workers required in the construction 581 

procedure can be significantly reduced compared with the traditional method, which 582 

contributes to the mitigation of COVID-19 spread on construction sites. 583 

The authors acknowledge that although our prototype was tested in a ROS environment 584 

rather than the actual implementation, the environment was rigorously modelled to provide a 585 

convincing experimental condition. First, great care was taken to make the physical properties 586 

of the environment as close to that of the real world, which consisted of density, gravity, 587 

damping, dimension, and material colour and texture. Second, in a real project, the on-site 588 

construction resources can be set up in one-to-one correspondence with the settings in the ROS 589 

environment (see Figure 15) (e.g., the number and pick-up locations of the prefabricated 590 

building components). This ensures that the properties of the digital objects in ROS can be well 591 
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transferred to their physical counterparts in the real world and the virtual representation of the 592 

workplace is efficient for spatial reasoning and motion planning. Third, the environment 593 

included an accurate kinematic representation of the robot so that the planned motions as 594 

verified in the environment can be well transferred to the reality for assembling prefabricated 595 

hospitalisation facilities. The authors carried out a pilot trial in the lab to investigate whether 596 

the verified robot motions are achievable in the real world. The results showed that the joint 597 

motions and end-tip outreaches as planned and verified for the robot in ROS could be achieved 598 

in the reality. Figure 16 shows an example of reaching a predetermined end-tip coordinate for 599 

assembling the purlin component in the lab setting. As can be seen, the end-tip coordinate is 600 

(1.400, 0.300, 1.100) in the manipulator’s base coordinate system, which could be achieved 601 

with joint parameters (1.400 m, -0.671 rad, -0.824 rad, 1.013 rad, 0.625 rad, -1.040 rad, 0.485 602 

rad).  603 

 604 

Figure 16. Pilot trial in the lab. 605 

9. Conclusion and future work 606 

This research presents a BIM-based prototype for robotic assembly of the standard unit of 607 

COVID-19 hospitalisation facilities—flatpack house—with prefabricated components. The 608 

development of the prototype consisted of a task planning algorithm and a motion planning 609 

algorithm. The task planning algorithm—Assembly Coordinates and Sequence Determination 610 

(ACASD)—is designed to utilise the spatial information contained in a BIM model to locate 611 
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the assembly coordinates for the prefabricated components. Then the ACASD algorithm 612 

determines the assembly sequence by following a bottom-to-top, left-to-right, and back-to-front 613 

logic according to the relative positions of the prefabricated components in the BIM model. 614 

The motion planning algorithm—Rapidly Exploring Random Tree Star (RRT*)—incorporates 615 

the manipulator base’s moving capability in the kinematic analysis, and regards the manipulator 616 

and already-in-place prefabricated components as obstacles to generate a series of optimised 617 

robotic motions.  618 

Different types of tests were performed to assess the developed prototype and the 619 

corresponding results demonstrated that the prototype has satisfactory performance in all the 620 

tests. First, the prototype can create a reasonable assembly sequence for the flatpack house. 621 

Second, using dual robotic manipulators KUKA KR 120 R3100 enlarges the workspace and 622 

can fully cover the spatial extent of the flatpack house unit for assembly, where the assembly 623 

coordinates of the 62 prefabricated components are kinematically reachable. Third, the motion 624 

planning algorithm successfully recognised the robotic manipulator and already-in-place 625 

prefabricated components as obstacles and generated a series of optimised robotic motions to 626 

avoid the obstacles. 627 

Overall, this research highlights the significance of using robotic technologies to deliver 628 

construction projects under pandemic circumstances, and provides a prototype that can be used 629 

to generate reasonable task and motion planning for robotic assembly of COVID-19 630 

hospitalisation units—flatpack house. Meanwhile, it is potentially useful for other emergency 631 

cases that utilise the flatpack house as the standard unit (e.g., earthquake, deluge), which further 632 

extends the generalisability of the research outcome. On the other hand, the present research 633 

contributed to the existing literature in addition to the mentioned practical implications. More 634 

specifically, the developed prototype fills in the following knowledge gaps: 1) determining the 635 

assembly sequence of building components, and 2) generating robots’ kinematic parameters for 636 

performing the assembly of COVID-19 hospitalisation facilities, while incorporating the robot 637 

base's moving capability in the kinematic design to attain a reasonable range of workspace.  638 

However, this research has the following limitation and subsequent research needs to be 639 

conducted shortly. This research aimed at the assembly steps of determining the coordinates 640 
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and sequence for the prefabricated components, and using robotic manipulators to place the 641 

components at the designated location in the designated order. There is a further auxiliary 642 

procedure involved, which is to bolt the prefabricated components. This paper is a part of an 643 

ongoing research project. In the subsequent research, the authors will investigate further the use 644 

of a collaborative robot (e.g., aerial operation robot) to assist in screwing bolt connections after 645 

the components are placed at the designated locations.   646 
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