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Abstract— Cable-driven parallel robots (CDPRs) are gain-
ing more attention in the construction field, especially in
manipulating and installing large prefabricated components.
Our preceding simulation study demonstrated that dynamically
feasible, constraint-satisfying trajectories can be generated for
a fully constrained six-anchor CDPR performing prefabricated
component manipulation. This paper closes the simulation-to-
hardware gap by executing trajectories generated with that
optimization method on a lab-scale CDPR. A hierarchical pose
control architecture is employed to regulate trajectory tracking
performance. Experimental results demonstrate that our CDPR
achieves terminal position errors below 5mm and terminal
orientation errors no greater than 1.1◦ under both nominal
conditions and blower-induced aerodynamic disturbances.

I. INTRODUCTION

Prefabricated building components can improve construc-
tion productivity and quality, but their installation often
requires the controlled manipulation of large elements within
confined or access-limited workspaces. Conventional lifting
equipment [1] can transport these components efficiently, yet
accurate final positioning often depends on substantial man-
ual intervention. Cable-driven parallel robots (CDPRs) offer
an alternative approach because their lightweight actuation
system, large workspace, and high payload-to-weight ratio
are well suited to construction-scale manipulation [2].

Most spatial CDPRs use more cables than the number
of controlled degrees of freedom. This actuation redun-
dancy generally enlarges the wrench-feasible workspace and
provides greater flexibility in distributing cable tensions,
but it also increases the number of actuators, anchors,
and supporting structures required for deployment [3]. In
particular, installing the two additional actuation and an-
choring assemblies at elevated, otherwise unsupported lo-
cations may require dedicated structures, such as the roof-
mounted cantilever beams used in the European Hephaestus
project [4]. A fully constrained six-anchor CDPR eliminates
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Fig. 1. Conceptual illustration of a fully constrained CDPR for prefabri-
cated facade installation.

this redundancy and can therefore reduce hardware and
installation complexity. Figure 1 illustrates such a system
for prefabricated component manipulation. However, the
nonredundant configuration also narrows the wrench-feasible
workspace, reduces cable-tension margins, and limits the
controller’s ability to redistribute tension. Consequently, tra-
jectory generation and accurate physical execution become
more challenging.

Our previous work addressed the planning aspect of this
problem by formulating a nonlinear trajectory-optimization
method that enforces the CDPR dynamics, cable-tension
bounds, and motion constraints [3]. Simulation studies
demonstrated that the method can generate dynamically fea-
sible trajectories for idealized, prototype-based, and building-
scale six-anchor systems. Nevertheless, simulation feasibility
alone does not establish that the planned motion can be
executed accurately on physical hardware. Model mismatch,
sensor noise, communication delay, and unmodeled actuator
and cable behavior can accumulate during execution, while
torque regulation without direct pose feedback may be in-
sufficient to achieve the millimeter-scale accuracy required
for component placement.

This study addresses the resulting planning-to-execution
gap through experimental validation on a lab-scale, fully
constrained CDPR. Trajectories and nominal cable tensions
are generated using the previously developed optimization



Fig. 2. Geometric definitions for the CDPR physics-based dynamic model.

framework and executed using a hierarchical controller. At
the high level, a linear quadratic Gaussian (LQG) controller
uses fused pose measurements from a total station, an inertial
measurement unit, and an AprilTag-based vision system
to compute corrective cable tensions. Mid-level PI loops
regulate actuator torque, and a low-level motion controller
tracks the resulting motor-position commands.

The system is evaluated under nominal laboratory condi-
tions and under aerodynamic disturbances generated using
a blower. In the reported tests, the terminal position errors
were below 5mm, and the terminal orientation errors were
below 1.1◦. These results provide initial physical evidence
that optimized trajectories for a reduced-anchor CDPR can be
executed with millimeter-scale terminal positioning accuracy
while maintaining approximately degree-level orientation ac-
curacy.

II. LAB-SCALE CDPR SYSTEM

Figure 2 illustrates the geometry of the fully constrained
CDPR. The fixed global frame is denoted by {A}, while
the body-fixed frame {B} is attached to the moving end
effector, shown in red. The end effector is connected to
the frame by n = 6 massless cables. Cables are guided
through swivel pulleys and wound onto drums. For each
cable i ∈ {1, . . . , n}, we define the following quantities:

• The constant vectors ai denote the proximal anchor
points ai in the frame with respect to {A}.

• The constant vectors bB
i denote the distal anchor points

bi in the end effector with respect to {B}.
• The pose (r, R) consists of the end effector’s center

of mass position r =
[
rx ry rz

]T
in {A} and the

rotation matrix R ∈ SO(3) that maps {B} to {A}. The
corresponding Euler angles are denoted by φ, θ, and ψ.

The experimental platform is adapted from the eight-
cable prototype presented in our previous work [5]. For the
present study, two cables were disconnected and selected
distal attachment points were relocated, yielding the fully
constrained six-anchor configuration shown in Figs. 2 and 3.

The robot comprises a rigid aluminum frame measuring
2.7m × 3.5m × 1.5m (width × height × depth) and an
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Fig. 3. Lab-scale CDPR and sensing system. Left: conceptual representa-
tion of the end effector, sensors, and coordinate frames. Right: physical
prototype, showing (A) the complete system and (B) the end effector
instrumented with an IMU, three prisms, and an AprilTag.

end effector measuring 0.63m × 0.68m × 0.13m, and the
mass of the end effector is 22.89 kg. Six cables connect
proximal attachment points on the frame to corresponding
distal attachment points on the end effector. Each cable is
driven by a servomotor coupled to a high-ratio gearbox, pro-
viding accurate encoder-based position control and resistance
to backdriving. Each actuator assembly also includes a torque
sensor for feedback control, a constant-radius spiral drum for
cable winding, and a pulley that guides the cable toward its
distal attachment point. The drum radius is ρ = 0.0691m and
is used to estimate cable tension from the measured actuator
torque.

During prefabricated component manipulation, the end ef-
fector serves as the component carrier and must be accurately
guided from a pickup pose to a designated placement pose.
Closed-loop execution therefore requires real-time estimates
of both its position and orientation. As illustrated in Fig. 3,
the prototype combines three complementary sensing modal-
ities: (i) a construction-grade total station for high-accuracy
static pose measurements and dynamic position tracking;
(ii) an inertial measurement unit (IMU) with an onboard
attitude and heading reference system (AHRS) for real-time
orientation estimation; and (iii) a camera-based AprilTag
detector that provides periodic yaw corrections.

Three 360◦ prisms, denoted by p0, p1, and p2, are mounted
on the end effector. Let pA

i denote the position of prism pi
expressed in the global robot frame {A}. Unless otherwise
stated, all position vectors are expressed in {A}, and the
superscript is omitted for brevity. Superscripts are retained
when quantities are expressed in other coordinate frames.

The prisms are arranged such that p0 − p1, directed from
p1 to p0, is aligned with the x-axis of the end-effector body
frame {B}, whereas p1 − p2 is aligned with its y-axis. The
body frame {B} and the prism frame {p0} have the same
orientation and differ only by a fixed translation. The origin



Fig. 4. Hierarchical control architecture implemented on the lab-scale CDPR.

of {B} is located at the end-effector centroid, while the origin
of {p0} is located at prism p0. Given the prism configuration,
the centroid of the end effector is defined as the midpoint
between prisms p0 and p2, calculated as r = 1/2(p0 + p2).

III. CONTROL ARCHITECTURE

To achieve precise CDPR control ensuring safe and reli-
able operation, we adopt a hierarchical control architecture
consisting of three levels: low-level drive control, mid-level
torque control, and high-level pose control. The low-level
controller directly regulates the servomotors and is essential
for interfacing with the hardware. Sitting above it, the torque
controller ensures safe operation by maintaining appropriate
cable tensions, thereby preventing slack or breakage during
motion. Torque control is effective in bringing the end-
effector close to the desired pose, with position errors on
the order of centimeters to decimeters. However, due to
uncertainties in system modeling and the lack of direct pose
feedback, torque control alone cannot achieve millimeter-
level accuracy [6]. To address this limitation, a high-level
pose controller was developed and integrated into the con-
trol architecture, incorporating real-time end-effector pose
feedback into the control loop. The hierarchical control
architecture is illustrated in Fig. 4.

Low-level drive control was handled by a Trio P662
eight-axis motion controller, which executes encoder po-
sition commands α∗

i for individual servomotors using its
embedded real-time encoder position measurements αi. Mid-
level torque control was implemented using an incremental
proportional-integral (PI) feedback law on each actuator:

δαi = KP δτi +KI

∫
δτi dt. (1)

Here, KP and KI denote the proportional and integral gains,
respectively, and δτi = τi − τ∗i is the torque error, defined
as the difference between the measured torque τi and the
desired torque τ∗i for the corresponding actuator. Therefore,
the desired encoder position is calculated as α∗

i = αi + δαi

and forwarded to the low-level drive controller. Torque limits
are enforced at this stage to prevent both negative torque
values and excessively high torque commands. Finally, the
high-level controller adopts the LQG framework because

Fig. 5. Experimental setup for the lab-scale CDPR, including the blower
used to introduce aerodynamic disturbances.

it offers an optimal balance between multivariate control
performance and robustness against model uncertainties and
external disturbances [7]. The LQG uses the measured pose y
from the integrated sensor suite and the desired pose y∗ from
the trajectory optimization algorithm to calculate the pose
error δy = y−y∗. Then, it generates corrective cable tension
commands δui to compensate for pose errors in real time.
Thus, the desired torque is τ∗i = τ̂i + ρδui and forwarded
to the mid-level torque controller, where τ̂i is the planned
torque estimated from the trajectory optimization.

IV. EXPERIMENTAL RESULTS

The reference trajectory were generated using the con-
strained trajectory optimization method presented in our
previous work [3]. The optimized trajectory was evaluated
experimentally under two conditions: nominal trajectory
tracking without an applied disturbance and trajectory track-
ing under blower-induced aerodynamic disturbances. The
hierarchical controller described in Section III was used in
both cases.

Figure 5 shows the disturbance test configuration. The
blower outlet was positioned approximately 0.5m to 1.0m
from the end effector and directed toward its inner sur-
face. As shown in the bottom plot of Fig. 6, the blower



Fig. 6. End effector trajectory tracking errors under nominal conditions
(top) and blower-induced aerodynamic disturbances (bottom). Upward ar-
rows indicate wind disturbance ON, and downward arrows indicate wind
disturbance OFF.

was activated intermittently during trajectory tracking for
randomized intervals of 5 s to 20 s. After the end effector
reached steady state, the blower operated continuously for
the remainder of the experiment. The blower outlet was also
swept laterally and vertically to vary the direction of the
applied aerodynamic load. This procedure was intended to
introduce time-varying disturbances.

Figure 6 compares the position and orientation tracking
errors for the two test conditions. The initial position error is
greater than 10mm. After this, the component-wise position
errors oscillated but remained below 10mm during trajectory
execution. The three orientation-error components remained
below 1.5◦ in both tests, indicating that the controller main-
tained comparable tracking performance in the presence of
the imposed disturbances. Both the hierarchical controller
and the data acquisition system operated at 25Hz; thus,
the evaluation window corresponds to the final 40 s of each
test. The position error is defined as the Euclidean distance
between the measured and reference positions, while the
orientation error is calculated as the Riemannian (geodesic)
distance between the measured and reference rotations in
SO(3). The mean position errors were 4.3mm under nomi-
nal conditions and 3.1mm under aerodynamic disturbances.
The corresponding mean orientation errors were 1.1◦ and
1.0◦, respectively. Although the mean errors were compa-
rable, the blower disturbance test exhibited larger standard
deviations in both position and orientation, indicating greater
variability under the imposed aerodynamic loading.

TABLE I
POSE ERROR STATISTICS OVER THE FINAL 1000 SAMPLES UNDER

HIERARCHICAL CONTROL.

Position error (mm) Orientation error (◦)

Test condition Mean Std. dev. Mean Std. dev.

Nominal 4.3 0.056 1.1 0.013
Blower disturbance 3.1 0.60 1.0 0.062

V. CONCLUSIONS

This paper experimentally validated optimized trajectory
execution on a lab-scale, fully constrained CDPR for pre-
fabricated component manipulation. The proposed control
architecture includes a high-level LQG pose feedback, mid-
level PI torque regulation, and low-level motor-position
control. Experiments conducted under nominal conditions
and blower-induced aerodynamic disturbances demonstrated
bounded trajectory tracking errors. These results provide
initial physical evidence that a fully constrained CDPR can
execute dynamically feasible trajectories with millimeter-
scale terminal positioning accuracy under laboratory condi-
tions. Future work will evaluate repeatability over a larger
number of trials and manipulation tasks, refine the hierarchi-
cal controller and estimator tuning, and extend validation to
heavier components and full-scale deployment conditions.
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