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Abstract – 

Prefabricated buildings are increasingly adopted 
for their efficiency and environmental benefits. Howe
ver, during hoisting and installation, accurate dockin
g between bottom sleeves and pre-reserved steel bar 
regions is often hindered by limited visibility and poo
r controllability of manual fine-tuning, reducing inst
allation quality and efficiency. This paper proposes a
 four-cable-driven parallel robot system for precision
 alignment, enabling coordinated planar adjustment 
in two translations (x, y) and one rotation (yaw). The 
approach includes: (1) a scene-oriented CDPR config
uration for suspended alignment, combining one pass
ive main hoisting cable for gravity support and four 
actively actuated auxiliary cables for local planar an
d yaw correction; (2) kinematic and static modeling 
with a wrench-feasible workspace analysis to determi
ne the controllable region under tension constraints; 
and (3) trajectory-level simulation and prototype exp
eriments to evaluate cable motion, tension feasibility,
 and alignment accuracy. Prototype experiments on a
 laboratory-scale prototype were conducted in 10 tria
ls, achieving a 100% task success rate. The final plan
ar error was 3.39 ± 1.05 mm and the final yaw error 
was 0.87 ± 0.59 deg. In 10 trials, all planar errors wer
e below 5 mm, all yaw angle errors were less than 2°, 
and no cable slack was observed. 
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1 Introduction 
With the increasing labor shortage in the constructio

n industry and the rapid advancement of digital transfor
mation, prefabricated construction has emerged as a mai
nstream development approach due to its high efficienc
y, environmental friendliness, and industrialized product
ion [1]. Throughout the construction lifecycle of prefabric
ated concrete structures, the hoisting and connection of p
refabricated components play a decisive role in determin
ing construction quality and project progress [2]. In partic
ular, prefabricated column systems employing grouted s

leeve connections require extremely high alignment acc
uracy during installation, typically within millimeter-lev
el tolerances [3].  

However, current on-site hoisting still relies heavily 
on coarse crane positioning followed by manual fine adj
ustment. After lifting, workers visually assess alignment
 and guide repeated micro-adjustments. This process is i
nefficient, experience-dependent, and potentially unsafe 
under complex conditions [4–5]. Therefore, reducing ma
nual intervention and enabling automated assembly of pr
efabricated components has become a critical challenge 
in smart construction. In response, prefabricated constru
ction has begun to incorporate an intelligent technology 
chain encompassing perception, planning, decision-maki
ng, and motion control, aiming to improve the efficienc
y, safety, and transparency of hoisting and on-site assem
bly processes [6]. 

As a core enabling technology for intelligent percept
ion, machine vision-based pose measurement provides a
 non-contact and high-precision solution for spatial local
ization of prefabricated components [7]. In recent years, 
machine vision has demonstrated strong application pote
ntial in industrial robotic grasping, autonomous driving ,
 and unmanned aerial vehicle landing. In assembly align
ment scenarios, monocular, stereo, or RGB-D vision sys
tems can capture construction site imagery and, through 
feature extraction and pose estimation algorithms, outpu
t six-degree-of-freedom pose information of components
 in real time [8]. For instance, Cheng et al. proposed a vis
ion-based trajectory monitoring method for prefabricate
d concrete component assembly, achieving pose measur
ement accuracy of ±5 mm [9]. Long et al. integrated 3D p
oint clouds and 2D images to develop an automated mea
surement framework incorporating virtual trial assembly
 and alignment deviation analysis, attaining deviation ex
traction accuracy below 1 mm and localization accuracy
 within 3 mm in both laboratory and field tests [10]. 

Despite these advances in pose perception, accurate s
ensing alone is insufficient to realize automated alignme
nt in construction environments. Conventional construct
ion cranes typically operate in open-loop or low-bandwi
dth control modes and lack fine-grained end-effector exe
cution capability, making it difficult to directly respond 
to high-frequency, small-magnitude correction comman
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ds derived from visual feedback[11]. This highlights the n
ecessity of a capable execution layer that can translate hi
gh-precision perception into continuous and controllable
 pose adjustment. 

Cable-driven parallel robots (CDPRs) provide a pro
mising solution to this execution challenge. Driven by m
ultiple high-strength flexible cables, CDPRs achieve pre
cise motion control of end-effectors through coordinated
 tension regulation and force distribution [12]. Compared 
with conventional rigid robotic systems, CDPRs offer ad
vantages such as large workspaces, lightweight structure
s, and high flexibility, making them well suited to the re
quirements of prefabricated component alignment tasks 
[13]. Recent studies have explored CDPR applications in 
construction-related scenarios such as large-scale 3D pri
nting and façade installation [14], demonstrating their pot
ential for precise force–position hybrid control and fine 
pose adjustment. 

Nevertheless, systematic research addressing pose ad
justment execution for alignment deviation during prefa
bricated component hoisting remains limited, particularl
y with respect to automation level, system generality, an
d continuous controllability. To address this gap, this pa
per proposes a four-cable-driven parallel robot system fo
r precision alignment of prefabricated components. Unli
ke conventional fully actuated CDPRs, the proposed sys
tem is designed for a suspended hoisting scenario, in wh
ich one passive main hoisting cable bears most of the gr
avitational load and four actively controlled auxiliary ca
bles are responsible only for local alignment correction. 
This work develops a scene-oriented CDPR configuratio
n and a closed-loop alignment process for automatic pre
cision docking of suspended prefabricated columns. Thi
s study makes the following contributions: (1) A scene-o
riented CDPR configuration is developed for suspended 
prefabricated-column alignment, in which one passive m
ain hoisting cable provides primary gravity support and 
four active auxiliary cables perform local x-y-yaw corre
ction. (2) A closed-loop alignment framework integratin
g pose perception, pose-error-based decision making, an
d cable actuation is established to enable automatic align
ment rather than manual or open-loop adjustment. (3) Si
mulation and laboratory-scale prototype experiments val
idate that the proposed system can achieve repeatable ali
gnment accuracy within practical installation tolerance r
equirements. 

2 Literature Review 

2.1 Hoisting Alignment Deviation Adjustment 
Alignment deviation adjustment during the hoisting 

of prefabricated components has received relatively limi
ted research attention, and a mature, general-purpose tec
hnical framework has yet to be established. Existing effo

rts mainly follow several representative approaches. She
n et al. proposed a guiding-frame-based positioning met
hod for precast columns, where a limiting frame impose
s geometric constraints on the pre-reserved rebars to gui
de the component into place during lowering; however, t
he automation level remains low and the process still rel
ies on passive guidance and manual assistance[15]. Liu et
 al. developed a vision-guided robotic manipulator–assis
ted assembly method, in which an end-effector is inserte
d into the reserved holes and the component is pushed al
ong a planned path to achieve alignment. Although this 
enables a perception–execution closed loop, it has so far
 been mainly demonstrated for slab-type components, an
d on-site deployment may be constrained by workspace 
and operating conditions[16]. Song et al. proposed the Hy
brid Pose Adjustment robot, which coordinates multiple 
joints, cables, and thrusters to achieve pose leveling and 
swing suppression; nevertheless, the system is structural
ly complex and costly, with limited generality and rapid 
deployability[17]. Therefore, further exploration is still ne
eded for execution-layer solutions that better balance de
ployability and continuous fine adjustment. 

2.2 Applications of CDPRs in Construction 
Benefiting from large workspaces, lightweight struct

ures, and adjustable force–position capability, CDPRs h
ave gradually advanced toward construction applications
 in recent years. Existing studies have explored CDPRs i
n façade installation, modular end-effector design, mode
ling and control for component installation, large-works
pace vision-based control, and even complex brick const
ruction [16], [18]–[21]. In addition, cost–benefit analysis has 
also been discussed for CDPR deployment in constructi
on practice [22]. However, these studies do not directly ad
dress millimeter-level sleeve–rebar docking of suspende
d prefabricated columns through a lightweight four-cabl
e execution layer driven by perception-based local pose 
correction. 

3 Methodology 

3.1 Problem Formulation and Assumptions 
This study focuses on the fine alignment stage durin

g the hoisting installation of prefabricated columns. At t
his stage, the component has been coarsely positioned b
y the crane, yet centimeter-level planar deviations and s
mall yaw misalignment still need to be corrected before 
the final docking with pre-embedded reinforcement. The
refore, the process is formulated as a local pose correctio
n problem under suspension constraints. The overall syst
em configuration of the proposed cable-driven parallel r
obot for precision alignment is illustrated in Fig. 1. 
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Figure 1. System configuration of the proposed  

cable-driven parallel robot for precision alignment. 
 

The alignment objective is defined by a pose error ve
ctor 

푒 = [훿푥,  훿푦,  훿휓]� (1) 
where 훿푥 and 훿푦 denote the horizontal translational 

errors in the ground plane, and 훿휓 represents the yaw m
isalignment between the component and the target reinfo
rcement layout. The control goal is to drive 푒 to zero thr
ough coordinated cable actuation. 

The proposed system consists of one passive main su
spension cable and four actively actuated adjustment cab
les. Unlike conventional fully actuated CDPRs, the main
 cable is not actively controlled and carries most of the c
omponent weight, while the four auxiliary cables are use
d only for local fine alignment during docking. The mai
n cable provides gravity support, and the auxiliary cable
s generate controllable in-plane forces and moments for 
continuous planar and yaw correction. Accordingly, thre
e controlled DoFs are considered: x, y, and yaw ψ. 

The choice of these DoFs follows practical installatio
n requirements. The critical acceptance targets mainly c
oncern horizontal alignment between rebars and grouted
 sleeves and the in-plane axis orientation. The z directio
n is mainly governed by the crane and is not actively adj
usted in the proposed lightweight four-cable system, whi
le out-of-plane rotations are less critical for sleeve–rebar
 docking and are partly suppressed by the suspension co
nfiguration. Therefore, focusing on x, y, and yaw provid
es a practical strategy for the fine alignment stage. 

Finally, the alignment process is assumed to be quasi
-static, as cable-length adjustments are executed at low s
peed to ensure safety and controllability. Under this assu
mption, the task is treated as a quasi-static pose correctio
n problem for the subsequent kinematic mapping and sta
tic feasibility analysis. This assumption is intended only 
for the final low-speed docking stage, where large-ampli
tude oscillations are not considered. 

3.2 Kinematic Mapping from Pose Error to C
able-Length Commands 

This section presents the kinematic mapping that con

verts the pose error provided by the perception module, 
푒 = [훿푥,  훿푦,  훿휓]� into executable cable-length comma
nds for the four-cable adjustment subsystem. The mappi
ng is established from the geometric relationship betwee
n the fixed anchor points and the cable attachment point
s on the prefabricated module, enabling continuous and 
controllable correction of planar translation and yaw mis
alignment.  

3.2.1 Geometric Model and Cable-Length Compu
tation 

A world frame {푊}is defined on the worksite, and a 
body-fixed frame {퐵}is attached to the module. Let 퐚� ∈
ℝ�denote the position of the 푖-th cable anchor point expr
essed in {푊}, and b� ∈ ℝ�denote the corresponding cabl
e attachment point expressed in {퐵}, where 푖 = 1,2,3,4. 
Under the 3-DoF assumption, the module pose is param
eterized by 

푞 = [푥,  푦,  휓]� (2) 
where 푥 and 푦 represent planar translation and 휓 denote
s yaw rotation about the vertical axis. As shown in Figur
e 2. 

 
 

Figure 2. Geometric modeling and coordinate defini-
tion of the suspended prefabricated column. 

 
The body-to-world rotation is therefore described by 

R�(휓) = �
cos 휓 −sin 휓 0
sin 휓 cos 휓 0

0 0 1
�. 

 
(3) 

Let the module reference point in {푊}be 푝 = [푥,  푦, 푧�]�

 where 푧�is treated as constant during fine alignment. Th
e world position of the 푖-th attachment point is then com
puted as 

푠�(푞) = 푝 + 푅�(휓)푏� (4) 
Accordingly, the 푖-th cable vector and cable length are g
iven by 

c�(q) = a� − s�(q), 푙�(q) =∥ c�(q) ∥� (5) 

3.2.2 Geometric First-Order Mapping for Fine  
Alignment 

In the fine alignment stage, the required corrections a
re typically small. Hence, the relationship between incre
mental pose correction and cable-length variation can be
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 approximated by a first-order model: 
Δl≈J(q)Δq, (6) 

where Δl = [Δ푙�, Δ푙�, Δ푙�, Δ푙�]�, and J(q) ∈ ℝ�×�is t
he cable-length Jacobian. Let u� � = c�/∥ c� ∥�denote the 
unit direction of the 푖-th cable. The corresponding Jacob
ian terms can be expressed as 

∂푙�

∂푥
= −u� �

� �
1
0
0

� ,
∂푙�

∂푦
= −u� �

� �
0
1
0

�, 

∂푙�

∂휓
= −u� �

� �
∂R�(휓)

∂휓
b�� 

 
 
(7) 
 

Equations (6)–(7) provide an efficient computation o
f the cable-length corrections required to realize a desire
d pose correction Δq. In practice, J(q) can be updated us
ing the current pose estimate, allowing real-time convers
ion of perception errors into executable length command
s. 

3.2.3 Cable-Length Command Generation 
Given the measured pose error e, the desired correcti

on can be defined as Δq = −e. Since the system is redun
dantly actuated in terms of cable count but controls 3Do
Fs, cable-length commands can be generated either (i) b
y directly evaluating (5) at the updated pose q + Δq, or 
(ii) by computing Δlvia the differential mapping in (6) a
nd integrating it over time. To ensure numerical stability
 for small-range alignment, this study adopts the differen
tial mapping and constructs cable-length trajectories as 

l���(푡) = l� + Δl(푡), 푡 ∈ [0, 푇] (8) 
where 퐥�denotes the initial cable lengths at the measu

red initial pose and 푇is the prescribed alignment duratio
n. The resulting cable-length commands are subsequentl
y checked against tension feasibility constraints, as desc
ribed in Section 3.3. 

3.3 Static Feasibility Analysis Under Tension 
Constraints 

While the kinematic mapping in Section 3.2 determi
nes the cable-length variations required for pose correcti
on, the physical feasibility of these commands must be v
erified through static tension constraints. Since cable-dri
ven systems can only transmit tensile forces, all cables 
must remain in tension throughout the fine alignment pr
ocess to ensure controllability and structural safety. 

3.3.1 Quasi-Static Force Equilibrium 
Under the quasi-static assumption introduced in Sect

ion 3.1, inertial and dynamic coupling effects are neglec
ted, and the suspended module is assumed to be in static
 equilibrium at each intermediate pose. Let T =
[푇�, 푇�, 푇�, 푇�]�denote the tensions in the four adjustment
 cables, and let 푇�denote the tension in the main suspensi
on cable. The force equilibrium condition of the module 
can be expressed as 

� 푇�

�

���

u� � + 푇�u�� + W = 0, 
 
(9) 

where u� �and u��are the unit direction vectors of the a
djustment cables and the suspension cable, respectively, 
andW = [0, 0, −푚푔]�represents the gravitational force a
cting on the module. 

Similarly, moment equilibrium about the module ref
erence point must be satisfied: 

� r�

�

���

× (푇�u� �) = 0 
 

(10) 

where r�denotes the position vector of the 푖-th cable 
attachment point relative to the reference point. Since th
e suspension cable is assumed to pass through or near th
e reference point, its contribution to the moment equilibr
ium is neglected in the fine alignment stage. Equations 
(9)–(10) collectively define the static force–moment bal
ance required for feasible pose correction. 

3.3.2 Tension Feasibility Conditions 
For a given pose and corresponding cable geometry, 

the static equilibrium equations generally admit infinitel
y many tension distributions due to actuation redundanc
y. However, only solutions satisfying unilateral tension 
constraints are physically admissible: 

푇� ≥ 푇���, 푖 = 1, … ,4. (11) 
Here, 푇��� is a prescribed minimum tension to preve

nt cable slack and ensure stable force transmission. In pr
actice, 푇��� is selected based on cable properties, winch 
characteristics, and safety considerations. 

A pose is defined as tension-feasible if there exists at
 least one tension vector Tsatisfying both the equilibrium
 equations (9)–(10) and the inequality constraints (11). T
he collection of all such poses constitutes the tension-fea
sible workspace (TFW) of the system. During fine align
ment, the planned pose trajectory must remain within thi
s workspace to guarantee continuous controllability. 

3.3.3 Tension Distribution Strategy 
To obtain a unique and stable tension solution, an ad

ditional optimization criterion is introduced. In this stud
y, the tension distribution is determined by minimizing t
he overall tension level while enforcing a minimum tens
ion constraint: 

Under the quasi-static assumption, the force and mo
ment equilibrium conditions can be compactly expressed
as 

퐴(푞)푇 = 푏(푞) (12) 
where 퐓 = [푇�, 푇�, 푇�, 푇�]�denotes the tension vector 

of the four adjustment cables, A(q) is the equilibrium co
efficient matrix determined by the cable geometry and at
tachment locations, and b(q) represents the external loa
d vector dominated by gravity. The tension in the main s
uspension cable is treated as a known quantity determine
d by weight balance and is not included in the optimizati
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on variables. 
To resolve the redundancy, the tension distribution is

 formulated as the following constrained optimization pr
oblem: 

푇∗ = 푎푟푔푚푖푛� ∥ 푇 ∥�
� 

  푠. 푡. 퐴(푞)푇 = 푏(푞), 
푇� ≥ 푇��� , 푖 = 1, … ,4. 

 
(13) 

This formulation promotes balanced cable loading w
hile preventing cable slack through the minimum tensio
n constraint 푇���. The resulting tension solution is subse
quently used for tension feasibility verification and for g
enerating tension-related outputs in the simulation result
s. By combining the kinematic mapping in Section 3.2 w
ith the static feasibility analysis presented here, the prop
osed system ensures that the pose correction commands 
are not only geometrically valid but also physically reali
zable under realistic hoisting and cable constraints. 

4 Results and Validation 

4.1 Simulation Setup and Parameters 
Simulation studies were conducted in a 3D numerica

l environment to evaluate the proposed four-cable align
ment system. The suspended column was modeled as a 3
00 mm × 300 mm × 400 mm rigid body with a mass of 9
0 kg, attached to a passive main cable and four active ca
bles for planar and yaw correction. The maximum cable 
speed and acceleration were set to 0.02 m/s and 0.04 m/s
², respectively, and trapezoidal motion profiles were use
d for smooth cable-length commands. 

The tension-feasible workspace was evaluated under
 the quasi-static model by discretizing the planar worksp
ace and solving the equilibrium equations at each sampl
ed pose. A pose was considered feasible only when all c
able tensions remained within 10–100 N. As shown in F
igure 4, the feasible region occupies only part of the geo
metric workspace. The central region shows lower peak 
tension and higher manipulability, while boundary regio
ns require larger cable forces and provide weaker contro
l authority. These results support feasibility-aware align
ment planning. 

 
Figure 3. Alignment System Simulation & 3D Model

 
Figure 4. Workspace analysis results: (a) maximum cabl
e tension distribution; (b) tension-feasible workspace; 

(c) manipulability index distribution. 

4.2 Trajectory-Level Simulation Results 
Figure 5 summarizes the trajectory-level simulation 

results. The alignment trajectory remains inside the fea-
sible workspace, and the x, y, and yaw errors converge 
smoothly toward the target pose under the quasi-static as-
sumption.  

 
Figure 5. Simulation results: (a) planar alignment trajec-

tory; (b) cable-length variations; (c) time histories of 
pose errors; (d) cable tension variations. 

 
The cable-length commands remain continuous 

throughout the alignment process, and all cable tensions 
remain above the minimum threshold. These simulation 
results provide feasibility support for the subsequent 
hardware prototype validation. 

4.3 Prototype Experiment and Results 
4.3.1 Experimental Platform 

Figures 6–8 present the prototype experimental syste
m, including the laboratory setup, the perception-control
 architecture, and the cable actuation module. A laborato
ry-scale prototype was built for the prototype experimen
t. The prototype used a reduced-scale 15 kg column mod
el due to laboratory constraints, whereas the 90 kg mode
l was used in simulation to represent a heavier suspende
d component. The system comprises four Inovance serv
o drivers, four Inovance servo motors, one H5U PLC, an
d an upper computer. A threaded drum was mounted on 
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each motor shaft for orderly cable winding. The actuatio
n modules were installed on an aluminum frame and con
nected through fixed pulleys and universal guide pulley
s. The system manipulated a suspended prefabricated-co
lumn model beneath a tower-crane mock-up. Pose estim
ation was performed using an Intel RealSense D455 wit
h a ChArUco board and a depth-assisted PnP algorithm. 
Cable tension feasibility was monitored indirectly throu
gh servo-state feedback during the experiments. 

 
Figure 6. Laboratory prototype of the proposed  

four-cable-driven alignment system. 

 
Figure 7. Perception-control architecture  

of the experimental system. 

 
Figure 8. Composition of a cable actuation module. 

4.3.2 Experimental Procedure 
Pose estimation during the prototype experiment was

 performed at 30 Hz by the Intel RealSense D455 using t
he ChArUco board and a depth-assisted PnP algorithm. 
Due to space limitations, a 300 mm × 300 mm × 400 m
m prefabricated-column model with a mass of approxim
ately 15 kg was used, and its bottom contains eight 30 m
m holes corresponding to an embedded rebar mock-up w
ith eight 20 mm cylindrical bars. A reference installation
 pose was first established and measured by a Trimble X
7 laser scanner. For each trial, the suspended column wa
s manually displaced to a radial initial position around th
e reference pose, including upper, lower, left, right, diag
onal, and additional random directions, with planar offse
ts of approximately 5 to 8 cm. The controller first adjust
ed the cable lengths to reduce the yaw error toward zero 
and then performed planar alignment. After convergenc
e, the scene was scanned again by the Trimble X7, and t
he final pose was extracted from segmented and preproc
essed point clouds with fitted planar surfaces. Planar err
or was defined as the Euclidean offset between the final 
measured column reference point and the reference insta
llation pose in the horizontal plane, while yaw error was
 defined as the absolute yaw-angle difference relative to 
the reference pose. A trial was considered successful if t
he docking task was completed without cable slack and t
he final pose remained within the predefined alignment t
olerance. The above process was executed in the propos
ed perception–decision–control loop using real-time pos
e updates from the vision module. The alignment proces
s was terminated when the planar error fell below 5 mm 
and the yaw error fell below 2 deg. 

4.3.3 Experimental Results 
Across 10 trials, all docking tasks were successfully 

completed, corresponding to a 100% task success rate u
nder the current laboratory conditions. The final planar e
rror was 3. 39 ± 1.05 mm and the final yaw error was 0.
87 ± 0.59 deg. According to industry installation require
ments, the steel-bar alignment error should remain belo
w 5 mm to satisfy the assembly tolerance. This requirem
ent was therefore adopted as the planar acceptance criter
ion in the prototype experiments. All planar errors were 
below 5 mm, all yaw errors were below 2 deg. The align
ment time in all trials was below 30 s. Cable tension feas
ibility was monitored indirectly through servo-state feed
back during the experiments, and no cable slack was obs
erved. Figure 9 compares the initial and final bottom ref
erence point positions in the prototype trials. Although t
he initial positions show noticeable deviations, all final a
ligned positions converge into the 5 mm installation tole
rance region required for steel-bar alignment, indicating 
that the proposed system can effectively correct the initi
al planar misalignment and achieve repeatable docking a
ccuracy. These results indicate that the proposed system 
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is capable of automatically correcting initial planar misa
lignment under closed-loop feedback, rather than relying
 on manual micro-adjustment during the final docking st
age. 

 
Figure 9. Top-view distribution of initial  

and final alignment positions. 
 

The red squares denote the initial positions before ali
gnment, and the blue circles denote the final positions af
ter automatic alignment. The star indicates the reference
 alignment position, and the dashed circle represents the 
5 mm installation tolerance region required for steel-bar 
alignment. The figure shows that the proposed system dr
ives dispersed initial misalignments into the required tol
erance region with good repeatability. 

4.4 Discussion 
The prototype results support the quasi-static assump

tion adopted in this study for the final low-speed dockin
g stage. In a conventional hoisting scenario without auxi
liary alignment cables, suspended components may exhi
bit prolonged oscillation under wind load and other distu
rbances. In contrast, when four auxiliary cables are intro
duced and maintained under positive tension, the prefabr
icated column is constrained around a local equilibrium 
state. Under the current laboratory conditions, prototype
 observations showed that small perturbations decayed r
apidly and had limited influence on the final alignment r
esult. These results suggest that the proposed perception
–decision–control loop can achieve stable convergence f
or final suspended alignment, although a full dynamic a
nalysis remains for future study. 

Several practical factors and limitations still deserve 
attention. The auxiliary cables used in the current protot
ype are nylon ropes with a certain degree of elasticity. A

lthough this elasticity may introduce small errors in a sin
gle adjustment step, it also provides a buffering effect ag
ainst vibration. In the proposed visual closed-loop align
ment process, residual errors caused by cable elasticity c
an be progressively reduced through repeated pose meas
urement and winch adjustment. Since the cables remain 
under positive tension after each step and are already in 
an elongated state, the additional elasticity-induced error
 is reduced in subsequent corrections. As observed in the
 prototype experiments, cable elasticity did not prevent s
table convergence or successful docking. Winch synchro
nization is also explicitly considered in the current CDP
R control algorithm by constraining the maximum rotati
onal speed and coordinating synchronous start-stop beha
vior among the four winches, which helps avoid obvious
 desynchronization in the prototype experiments. 

The present validation is limited to a laboratory-scale
 prototype. In addition, cable interference was not treate
d as a dominant issue because the current scenario focus
es on the installation of a single prefabricated column in 
a relatively open area around the embedded rebars, wher
e four servo winch modules are arranged approximately 
1–2 m around the target region to facilitate planar correc
tion and yaw adjustment. Visual sensing has been integr
ated into the system to estimate the relative alignment er
ror between the prefabricated column and the embedded
 rebars, which is then converted into cable-length adjust
ments through the CDPR controller. Future work will fu
rther investigate swing dynamics, disturbance sensitivit
y, equipment-layout optimization, and multi-column dep
loyment in more realistic construction environments. 

Table 1 shows that the proposed four-cable CDPR pr
ovides a balanced solution for suspended docking, comb
ining high precision potential with moderate cost and go
od deployability. 

 
Table 1. Brief comparison of alignment solutions 

Method Precision Cost Deployability 
Crane-based fine 

control Low Low High 

Rigid manipulator High High Medium 
Hybrid alignment 

robot High High Medium 

Proposed four-ca-
ble CDPR High Medium High 

5 Conclusion 
This study proposed a four-cable-driven parallel rob

ot for fine alignment of prefabricated columns under sus
pended conditions. A kinematic mapping was developed
 to convert perception-based pose errors into cable-lengt
h commands, and a quasi-static tension feasibility model
 was used to ensure physically admissible actuation. Sim
ulation studies verified the feasible workspace and conti
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nuous cable-length and tension evolution during alignm
ent. Prototype experiments on a laboratory-scale prototy
pe further validated the approach in 10 trials, correspond
ing to a 100% task success rate. The final planar error w
as 3.39 ± 1.05 mm and the final yaw error was 0.87 ± 0.
59 deg. In 10 trials, all planar errors were below 5 mm, a
ll yaw angle errors were less than 2°, and no cable slack 
was observed. These results provide laboratory-scale val
idation that the proposed system can achieve stable and 
accurate suspended alignment.                                         
Future work should further address stronger disturbance
s, longer cable spans, anchor-point arrangement, winch s
ynchronization under larger-scale deployment, and direc
t tension sensing in more realistic construction environm
ents. 
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