41st International Symposium on Automation and Robotics in Construction (ISARC 2024)

Cable-Driven Parallel Robot (CDPR) for Panelized Envelope
Retrofits: Feasible Workspace Analysis

Yifang Liu, Rui Zhang, Nolan W. Hayes, Diana Hun, and Bryan P. Maldonado

Buildings and Transportation Science Division, Oak Ridge National Laboratory, United States of America *

liuy5 @ornl.gov|zhangr2 @ornl.gov hayesnw @ornl.gov|hunde @ornl.gov|maldonadopbp @ornl.gov

Abstract -

Recent decades have seen remarkable progress in the
field of robotic-assisted construction. Cable-driven paral-
lel robots (CDPRs) emerge as promising tools for automat-
ing construction processes, due to their advantageous fea-
tures such as scalability, reconfigurability, compact design,
and high payload-to-weight ratio. This paper uses a simple
static model to determine the feasibility of a CDPR for over-
clad panel installation in building envelope retrofits. Given
that the building facade needs to be a subset of the CDPR’s
wrench-feasible workspace, we focus on the sensitivity of
the workspace concerning various cable arrangements and
CDPR frame sizes (e.g., height and width extensions). Our
analysis indicates that no cable arrangement satisfies the re-
quirement of complete facade coverage and avoids cable-to-
panel collisions. Thus, frame extension is needed to enhance
coverage. However, in densely populated areas where width
extension is limited by space constraints, height extension
alone is insufficient to guarantee full facade coverage. This
paper pioneers the investigation of CDPRs for panelized en-
velope retrofits, showcasing their advantages and limitations
and paving the way for further research and development.

Keywords -
CDPR, construction robotics, panelized envelope, enve-
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1 Introduction

Buildings account for more than 35% of the total carbon
dioxide emissions in the United States [1]]. About 52% of
the existing residential buildings were built before the im-
plementation of the 1980 energy codes [2]]. Consequently,
these buildings are more likely to have inadequate thermal
insulation and air barriers, or none altogether [3]. The
absence of adequate insulation and airtightness in these
structures leads to high energy losses through the build-
ing envelope that account for 70% of carbon emissions

*Notice: This manuscript has been authored by UT-Battelle, LLC, under con-
tract DE-AC05-000R22725 with the US Department of Energy (DOE). The US
government retains and the publisher, by accepting the article for publication, ac-
knowledges that the US government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of this manuscript,
or allow others to do so, for US government purposes. DOE will provide public
access to these results of federally sponsored research in accordance with the DOE
Public Access Plan (https://www.energy.gov/doe-public-access-plan).

1081

Figure 1. Conceptual view of a cable-driven paral-
lel robot for retrofitting a residential building using
overclad panels in a densely populated urban area.

generated locally by households [4]. Therefore, bringing
these outdated structures in line with current energy codes
can reduce energy usage and greenhouse gas emissions
in the building sector. Overclad panel envelope retrofits
using prefabricated panels effectively minimize waste and
improve energy efficiency [3]]. Traditional approaches for
installing overclad panels in multi-story buildings typically
involve panels being carried by laborers or hoisted with a
crane and placed at their final location by hand [6]. These
practices incur installation errors, safety concerns for con-
struction workers, low efficiency, and complications in
densely populated urban areas due to limited space and
disruptions to adjacent structures and pedestrians. Robotic
construction provides an alternative for faster, more accu-
rate, and safer installation processes.

The unpredictable nature of typical construction sites
and the need to minimize disruptions to surrounding areas
require an adaptable and compact robotic system. Cable-
Driven Parallel Robots (CDPRs) [7H9] are a type of par-
allel mechanism where several flexible cables suspend the
end-effector. As depicted in Figure [I, CDPRs offer a
compact, small-footprint, portable, and easily reconfig-
urable design, making them ideal for overclad panel instal-
lation in densely populated areas with minimal disruption
to surroundings. Although the effectiveness of CDPRs
at reducing installation time, errors, and costs has been
demonstrated with robotic curtain wall installation [10],
to the best of our knowledge, this is the first paper on
the theoretical optimization of CDPR’s size that broadens
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their applicability in construction within the constraints of
crowded urban environments.

While CDPRs present advantages for panel installation,
they face specific challenges and limitations. Unlike tra-
ditional rigid-link parallel robots, CDPRs uniquely face
the challenge of having cables that can only be driven by
positive tension. This characteristic has spurred extensive
research in design [11]], analysis [12], control [13], and
path planning [14]]. One particular challenge for auto-
mated overclad panel installation is workspace coverage.
Ideally, the height and width of the CDPR frame should
not exceed the facade dimensions, especially for densely
populated areas as pictured in Figure [[l The frame size
constraints, coupled with cable force limitations, result in
the system being unable to bring the panel to the building
corners. This simulation study investigates all possible
CDPR designs to determine how much facade coverage
the wrench-feasible workspace can achieve. The different
models were defined based on their cable configurations.
For the most promising models, a frame extension analy-
sis was conducted for both planar and special CDPRs to
identify strategies for maximizing coverage.

In the following sections, we begin by reviewing pan-
elized envelope retrofits and CDPRs in construction (Sec-
tion . Next, we discuss the details of CDPRs that can
be used for overclad panel installation (Section [3) and
wrench-feasible workspace (Section E]) Finally, SectionE]
concludes the paper and outlines our future work.

2 Related Work

In this section, we will first talk about the background
associated with panelized envelope retrofits, then we will
review relevant research on CDPRs in construction.

2.1 Panelized envelope retrofits

With the growing focus on energy efficiency and sustain-
ability, panelized envelope retrofits [S)] have emerged as an
essential solution to improve the energy efficiency of older
buildings. This retrofit practice uses prefabricated panels
for overclad installation over the existing exterior walls and
roof. Panelized envelope systems are designed to provide
amore efficient and controlled construction process, as the
panels are produced under controlled conditions, reducing
the potential for on-site errors and improving construction
speed. In addition, this method minimizes disruptions to
occupants since the overclad panels can be installed with
building occupants in place [15].

Traditional approaches for panel installation in multi-
story buildings, such as scaffolding, suspended platforms,
forklift telehandlers, and stationary or mobile cranes, come
with significant drawbacks. They often prove costly, time-
consuming, prone to inaccuracies, and require a large

footprint for equipment. For example, scaffolding and
suspended platforms, while worker-friendly, are slow and
subject to human error, restricting panel size to what can be
manually carried. Cranes offer an alternative for large pan-
els, reducing installation time compared to manual meth-
ods. However, they remain expensive and relatively slow,
with each precast concrete panel taking 15 to 60 minutes
to install [16]. Additionally, their large footprint poses
challenges in densely populated areas. While addressing a
different application, Iturralde et al. [10] investigated the
work time of using CDPR to install a curtain wall module,
reducing installation by 0.51 hours with promising accu-
racy and repeatability. This achievement holds significant
potential to reduce labor costs and increase construction
efficiency. With the potential to significantly improve in-
stallation speed, reduce costs, and enhance safety, CDPRs
are attracting attention for panel installation.

2.2 CDPR in Construction

Recently, CDPRs have been explored in various appli-
cations and fields [[10, [17-24]. Due to their desirable
characteristics, such as scalability, reconfigurability, com-
pact design, and high payload-to-weight ratio, they are
widely investigated in construction applications such as
bricklaying [19-21]], 3D printing [22], and solar power
plant assembly [23]]. For building envelope applications,
in particular, Izard et al. [24] explored the use of a CDPR
for inspecting building facades. However, the robot was
not designed for tight tolerances or heavy payload required
for retrofits. In addition, Iturralde ez al. [[10]] designed and
implemented a CDPR for modular curtain wall installa-
tion in real-world application. They investigated whether
CDPR could install curtain wall modules with sufficient
accuracy and shorten manual installation time. To our
knowledge, no prior research has explored the application
of CDPRs for automated overclad panel envelope retrofits.

3 CDPR for Panelized Envelopes

In this section, we will discuss the specific requirements
for CDPR panel installation. We will then analyze various
methods to achieve these requirements.

3.1 Panelized Envelopes Requirements

Three main requirements are essential for a successful
robotic overclad panel envelope retrofit system. Firstly,
the CDPR should control the panel’s 6 Degrees of Free-
dom (DOF), including translations and rotations around
all three axes. This capability is essential to accommodate
non-flat and non-perpendicular walls encountered in real-
world residential buildings. Secondly, the CDPR should
have enough maneuverability to install panels at any loca-
tion on the facade (including near corners) without posi-
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Figure 2. Geometric definitions for a kinematic
model of a general CDPR design.

tioning cables between the panel and the facade. Thirdly,
the CDPR should have a simple, compact design and a
small footprint given that the available installation space
may be limited to the building dimensions and the space in
front of the building (e.g., sidewalk). Compactness is par-
ticularly critical in densely populated urban areas where
adjacent buildings or narrow sidewalks impose limitations
on the frame size. Simplicity of the frame allows the robot
to be installed quickly without the use of a crane.

The CDPR in Figure [I] fulfills the first and third re-
quirements. However, achieving the second requirement
requires further exploration. To that end, this paper will
study various cable configurations (Section {.T)) and will
consider extending the frame size (Section[4.2) in order to
improve the facade coverage for panel installation.

3.2 CDPR Kinematic Model

In general, a CDPR contains three parts: a fixed frame
described in a world coordinate system A, a mobile plat-
form (e.g., the panel to be installed) described in a local
coordinate system 8, and n cables connecting the platform
to the frame. The geometric description of the CDPR is
shown in Figure 2} which defines the following vectors:

* The constant vectors a;¢(1,... ») denote the proximal
anchor points A; in the frame with respect to A.

* The constant vectors b;c (1, ... »}, denote the distal an-
chor points B; in the platform with respect to 8.

» The platform pose (r,R) is defined by the vector
r, which is the location of the platform’s center of
mass with respect to A, and the rotation matrix R €
SO3, which represents the orientation of the mobile
platform’s frame of reference 8 with respect to A.

* The vectors Liey,... ) represent ideal cables and can
be calculated as I; = a; — r — Rb; with respect to A.

* The unit vector along the cable u; = 1;/||1;||2-
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e The cable forces f; = fiu;, where f; > 0 are the
tensile forces action on each cable i € {1,...,n}.

A simple kinematic model can be constructed by solving
the force and torque equilibrium equations as follows:

n
D fi+f,=0 and

i=1

ZRbl Xfi+Tp =0.
i=1

n

(D
Here, f;, and 7}, are the external forces and torques applied
to the platform. For our particular application, note that

f, = mg and 7, = 0, where m is the mass of the overclad
panel. Rewriting Eqn. (I)) into matrix form we obtain:

h .
uj U, . pl _
Rb; xuy Rb, xu, * Tp =0. )
fn S~——
AT ~— Wwp

This can be written in a compact matrix-vector form as
AT +Ww, = 0, where the AT isthe transpose of the Jacobian
matrix and referred to as the structure matrix, f is the vector
of tensile forces, and wj, is the total wrench applied.

3.3 Wrench-Feasible Workspace

The pose (r, R) is called wrench-feasible for a given
wrench w;, if there exists a vector f that satisfies:
AT, R +w, =0 st

0 < fmin < f < finax 3)

where fiin and finax denote the lower and upper bounds
for the feasible force range of the cables. Considering the
limited rotation angles required for overclad panel instal-
lation, our analysis assumes that rotation angles are set
to zero. Therefore, the wrench-feasible workspace in our
study can be defined as:

W= {r | Eqn. (@) holds with w, = [mg" O]T} @)

In general, Eqn. (3) leads to an underdetermined system
with either zero or infinitely many solutions. To estimate
W, a set of poses r was selected from a discretized grid,
and feasibility was determined using linear programming.

4 Analysis of W for different CDPRs

For ease of visualization and understanding, we will
first analyze the wrench-feasible workspace coverage us-
ing a planar CDPR. Figure [3| shows the dimensions for a
1/3 scaled model of a 3-story residential building currently
used at ORNL for building envelope retrofit experiments.
The planar CDPR shown in the left plot of Figure [3] cor-
responds to a 2-translation 1-rotation (2T1R) model with
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Figure 3. Left: planar CDPR for square panel in-

stallation where the frame matches the facade di-
mensions (blue rectangle). Complete coverage is

achieved if the centroid (purple dot) can be moved
within the yellow-shaded region. Right: W (green
area), the red area indicates lack of full coverage.

n = 4 cables. The CDPR frame (blue solid line) has
the same dimensions as the facade and the square panel
(black solid line) can be installed anywhere within the fa-
cade. The yellow-shaded region describes the area where
the panel’s center of mass r (purple dot) needs to be ma-
neuvered to fully cover the facade with the panels. Due to
inherent limitations imposed by the CDPR’s cable arrange-
ment and force restrictions, certain regions of the facade
may be difficult to access by most of the configurations.
We categorize these regions into three types: corners, top
or bottom margins, and lateral bands. The right plot of
Figure [3| shows W in green color for fyi, = 132.3 N,
Jmax = 1200 N, and m = 13.5 kg. The red colored area
shows locations where r is required to reach, but there is
no feasible solution for Eqn. (). For this particular CDPR
cable arrangement, the top left and right corners, the top
and bottom margins, and the side bands of the facade are
not reachable, therefore the model in Figure |3| does not
provide full facade coverage.

The next sections explore two potential solutions to
achieve full facade coverage: adjusting cable configu-
rations and extending the frame size. While this paper
ignores cable-to-cable and cable-to-panel collisions, these
potential issues can be detected, mitigated, or eliminated in
real-world applications through various approaches, such
as optimizing cable routing design, applying advanced
path planning algorithms, and optimizing anchor posi-
tions [7, 25H27]. The following assumptions have been
made: (1) all cables are massless, (2) cables don’t sag and
behave as straight line segments, and (3) the center of mass
of the panel coincides with its centroid.

4.1 Analysis of Cable Configurations

The first method to increase the workspace coverage in-
volves exploring alternative cable configurations. For the

Table 1. Pqy for most promising planar CDPRs.
Model# 21 13 15 19 11 12 22
Py 1 88 83 8 .79 .78 .76

4
73

Table 2. Desired spatial workspace definition.

X y Z
Prism start corner (m) 0.381 0.381 0.254
Prism end corner (m) 1.447 2.743 0.9652

planar CDPR with 4 cables, the total number of possible
cable configurations is 4! = 24. Figures [ and [5]illustrate
all possible cable configurations and their corresponding
wrench-feasible workspaces. Let P4y denote the wrench-
feasible workspace coverage of the CDPR, calculated as
the area of ‘W divided by the required coverage, i.e., yel-
low area = green + red areas in Figure [3} Table |1| shows
P4y for the most promising CDPR models. Note that only
model 21 achieves P4y = 1, satisfying the full coverage re-
quirement. By observing all possible cable configurations
we concluded that, to maximize Py, it is advantageous to
connect the proximal anchor to the distal anchor such that
the angle between the cable and the closest frame edge
is maximized. This is especially useful when the panel
needs to reach the corners of the facade. For instance,
if the CDPR in model 4 needs to reach an upper corner,
the upper cables will form a small angle with respect to
the upper frame edge. If the upper cables are close to a
horizontal position, their vertical force component will be
too small to compensate for gravity. To accommodate for
this, the tension on the upper cables needs to increase sig-
nificantly, saturating the upper limit f;,,x and resulting in
an infeasible pose. Therefore, in the planar case, the best
cable configuration that achieves P4y = 1 is the following:
{Al g B3,A2 g B4,A3 g B],A4 g Bg}.

Extending our analysis to the spatial case, we consider
configurations with 8 cables, 8 distal anchors, and 8 prox-
imal anchors. The parameters employed are identical to
those used in the planar case, including a frame depth of
1.219 m and a platform depth of 0.254 m. Note that in
real-world panel installation using CDPRs, the dimension
of the platform may not be the same as the panel itself.
Designing a thicker platform that can carry multiple pan-
els offers a promising approach to reduce the loading time,
which can be a significant bottleneck in the installation pro-
cess. For the spatial analysis, both the CDPR frame and
the region where the panel centroid is to be manipulated
take the form of rectangular prisms. Table 2| summarizes
the dimensions of the desired workspace. Here, the x and
y axes are the same as in Figure [3] while the z axis is
determined following the right-hand rule. Similar to the
previous case, we assumed R = I3y3 for calculating ‘W.

The spatial CDPR case yields 8! = 40, 320 possible ca-
ble configurations. However, 63% of them (25,500) lead to
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Figure 4. Visualization of all possible cable configurations for planar CDPRs where the frame corners are attached
to the panel corners. The model numbers are given for reference.
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Figure 7. Left: Spatial CDPR model with the largest
workspace. We only show cables between the facade
and the platform for better visualization. Right: ‘W.

cable-to-panel collisions and a substantial portion results
in small workspace coverage. Figure[6]shows a histogram
depicting the distribution of Py for all collision-free con-
figurations with P4y > 0.5. This analysis reveals that only
82 configurations, out of the original 40,320, achieve a
Pay > 0.5. Due to the retrofitting requirements, position-
ing cables between the panel and the facade is undesirable.
For example, Figure [7| shows the spatial CDPR model
with cable configuration {A; — B3, Ay — B4, Az —
B2,A4 i Bz,A5 - B7,A6 - Bg,A7 - BSaAS g Bs}
that achieves P4y = 0.95. However, the configuration
presents an obstruction caused by all the cables between
the facade and the platform, hindering panel attachment
to the facade. Therefore, we focused our analysis on four
specific models that have a large P+ but do not have ca-
bles obstructing the panel installation. Such models are
depicted in the first row of Figure[8] From Figures[6] and
Bl we can see that achieving 100% coverage of the entire
facade is not feasible. Therefore, we should consider an
alternative solution: CDPR frame extension.

4.2 Frame Extension

Extending the frame size presents another viable solu-
tion for increasing the wrench-feasible workspace. The-
oretically, the frame can be extended along both width
and height, but each approach presents certain limitations.
Height extension can only be applied on top of the building
and can be impacted by wind loads. Width extension is

applied symmetrically to both the left and right sides and
is often constrained by the presence of adjacent buildings.
Several factors, including local regulations, infrastructure
differences, and community dynamics, can influence the
successful implementation of the frame extension. Setting
aside local regulations, in densely populated areas, the
depth of the frame shouldn’t exceed the sidewalk length.
For width extension implementation, it is crucial to ensure
that the extension does not interfere with adjacent build-
ings or have any adverse effects on them. Additionally,
height extension considerations should be mindful of po-
tential high wind effects. To address safety concerns, a
truss-like structure is recommended for supporting the up-
per cantilevers. Furthermore, it is recommended to shield
the frame to prevent pedestrians and workers from harm
in the event of cable snapping. Considering the densely
populated urban environment depicted in Figure[T} height
extension presents a more favorable option due to the lim-
itations inherent in width extension.

To achieve Pqy = 1, different configurations may re-
quire different extensions. In the planar case, Model 4
requires height and width extensions, while Model 12 only
needs width extension, as illustrated in Figure E[ In the
spatial case, Model S1, as shown in Figure[§] fails to reach
all corners and leaves a significant gap at the top of the
desired workspace. Similar to Model 4 in the planar case,
increasing P4y for Model S1 requires height and width
expansions. However, as shown in the third row of Fig-
ure[8] achieving full coverage needs substantial extensions
on both dimensions, potentially impractical for real-world
scenarios. Models S2 and S3 overcome the limitation of
not reaching the top of the facade. However, their ‘W do
not cover the side bands, which demands a width exten-
sion to augment Pqy. However, the coverage depicted in
plots C(2) and C(3) indicate that even with a 25% width
extension, Py remains below 1. Model S4 successfully
covers the side bands but misses the top and bottom mar-
gins. While a height extension can address the top margin
coverage, the bottom margin remains inaccessible for this
model. When restricted to a single cable configuration,
Model S4 is one of the most promising options for max-
imizing P4y. Based on our discussion so far, there is
currently no single spatial model capable of covering the
entire facade area with practical frame extensions. In cases
where multiple cable configurations are permitted, a com-
bination of Models S3 and S4 proves effective in covering
nearly all areas within the required retrofitting space, ex-
cept for the four corner areas. The following section will
explore potential solutions to address this issue. In addi-
tion, depending on the configuration, width or height ex-
tensions may not always be beneficial for increasing Pqy .
For instance, models S1 and S3 from Figure |§| showcase
scenarios where height extension decreases Py .
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Figure 8. Top: Selected cable configurations. Middle: ‘W without frame extension, the black rectangle indicates
the panel centroid area needed for a complete retrofit. Bottom: P« obtained through frame extension.
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Figure 9. Planar CDPR Pqy comparison for models 4
and 12 with height and width extensions.

5 Conclusion and Future Work

This paper studied the use of CDPRs for automated over-
clad panel installation. To fulfill envelope retrofit require-
ments, we explored strategies for maximizing the wrench-
feasible workspace. Different cable configurations lead to
different wrench-feasible workspace coverage. In general,
both width and height extensions improved the coverage
for a given configuration. However, if width extension is
not feasible, implementing height extension can still im-
prove coverage. This study highlights the importance of
considering different cable configurations and frame ex-
tension to optimize coverage in different scenarios.

Future research will continue to explore strategies to
enhance coverage. Designing reconfigurable anchors of-
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fers a potential solution to achieve full coverage. For
instance, the combination of Models S3 and S4 can cover
nearly all the required retrofitting area, except for the four
corners. To address this limitation, one can attach the
distal anchor points to a panel carrier instead of directly
attaching them to the panel. The panels can be attached
off-center on the carrier, with an offset towards the re-
spective corners, thereby compensating for the infeasible
space by the original models. Additionally, approaches
like optimizing panel and carrier dimensions or design-
ing advanced path planning algorithms by strategically
sagging specific cables offer the potential for further in-
creasing workspace coverage. We also intend to expand
our research to incorporate a real-world model, aiming to
offer a more comprehensive understanding of the entire
system. This expansion includes dynamic modeling and
control algorithms to evaluate aspects like the system’s
robustness, autonomy, and applicability to different con-
struction processes, including considerations of economic
viability and long-term durability.
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