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Abstract

In the light-frame building prefabrication construction industry, the utilization of robot arms
is increasingly trending. In exterior wood-frame wall panels, which contain components such as
wood frame, insulation and sheathing, automation has streamlined the construction of structural
elements. In building construction, batt thermal insulation is extensively used due to its cost-
effectiveness in achieving high thermal resistance. However, the automation of batt insulation
installation in prefabricated building construction remains underdeveloped due to its deformable
characteristics and currently relies solely on manual methods, which expose workers to various
health risks. This thesis introduces two novel robotic methods, V-GLITPP and H-GLPPR,
designed to automate the installation of batt thermal insulation into wood-frame wall frames
without requiring complex modeling and simulation of its actual deformation. These methods
ensure a tight fit within the frame cavity, eliminating visible gaps and deficiencies that could

compromise thermal resistance.

Each method utilizes a single 6-degree-of-freedom robot arm and a custom-built end-
effector and is carefully engineered to overcome the non-linear and non-rigid mechanical
characteristics of batt insulation during installation, which poses major challenges in robotic
manipulation. Furthermore, both methods incorporate collision avoidance to prevent any

potential collisions.

The V-GLITPP method was initially developed under hardware constraints, with the goal of
minimizing costs and utilizing existing equipment that was available in our lab. This method was
tested on a scaled wood frame to demonstrate the feasibility of robotic insulation installation and
employed a vertical pickup strategy with six major steps: (1) Grasp, (2) Lift, (3) Insert, (4) Tilt,

(5) Push, and (6) Press. The necessary physical operating parameters for the insertion process,

il



such as angles, offset, and force requirements, were identified to ensure the precision, efficiency,
and repeatability of insertion. A prototype of the designed end-effector was used to demonstrate
and validate the robotic method, which achieved a high success rate of 93.3%. Given its success
in the scaled setup, the method faced several challenges when scaled up to full-size frames, thus

leading to the second robotic method.

The H-GLPPR method was developed for full size implementation and employed a
horizontal pickup strategy through five key steps: (1) Grasp, (2) Lift, (3) Place, (4) Press and (5)
Roll. The main operational parameters such as grasp location, clearances, angle, and
displacements were identified and tuned to ensure repeatability, accuracy, and reliability of the
installation process. Within our trials, the prototype end-effector, incorporating larger stroke dual
parallel grippers and a roller, demonstrated a high success rate of 92.5%. Hence, demonstrating

the effectiveness of the H-GLPPR for installation of batt insulation into full-size frames.

The development of our V-GLITPP and H-GLPPR methods not only facilitates the
expansion of the thermal insulation options available during automated prefabrication but also
improves efficiency and safety for workers by reducing labor intensity. By filling a significant
gap in the current construction practices, our methods facilitate ways toward the complete

automation of wood-frame wall panel prefabrication.
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Preface

Chapter 2 of this thesis has been published as Xiao Han, Cheng-Hsuan Yang, Alejandra
Hernandez Sanchez, and Yuxiang Chen, “A ROBOTIC METHOD TO INSERT BATT
INSULATION INTO LIGHT - FRAME WOOD WALL FOR PANEL
PREFABRICATIONS”. CONVR 2023 - Proceedings of the 23rd International Conference
on Construction Applications of  Virtual Reality, Florence, Italy.

https://doi.org/10.36253/979-12-215-0289-3.58

Chapter 3 of this thesis will be submitted as Xiao Han, Cheng-Hsuan Yang, and Yuxiang
Chen, “RIMBI: Robotic Installation Method for Batt Insulation” to journal Automation in

Construction.

Appendix A and B of this thesis (original work by Xiao Han) were included in RoBIM
Technology Progress Reports which has been submitted to Alberta Innovates to demonstrate

project progress.

We advise readers that this thesis presents dimensional data in both metric and imperial

units to accommodate the diverse standards applicable to the equipment and materials described.

For instance, the robotic equipment is manufactured in European countries, which utilizes metric

units. Meanwhile, timber and insulation materials in North America utilize imperial units.

Therefore, all the dimensions have been converted and are reported in both measurement systems

throughout this thesis.
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Chapter 1 : Introduction

In the competitive industry of light-frame wood building construction, off-site prefabrication
has emerged as an efficient process compared to on-site stick-built. Prefabrication is
characterized as the assembly of building components such as wood frame, sheathing and
insulation into a panelized or modularized system within a factory setting and subsequently
transported on-site for installation [1]. This method has demonstrated remarkable potential in
reducing construction time [2], errors [3], and waste [4], thereby minimizing overall project costs
[5]. The hallmarks of prefabrication are its ability to facilitate construction within a controlled
and purpose-built manufacturing environment; streamline high-volume production through
specialized machinery and standardized processes; and offer better support to workers’ health

and safety through reduced workplace uncertainties and hazards [6,7].

In countries like Canada, United States, and Australia, light-frame construction is the
dominant method for residential housing and various other buildings types [8]. However, current
prefabrication processes still rely heavily on skilled-labour, making operations strongly
dependent on the labour market, worker’s skill level and physical conditions [2]. According to
Statistics Canada [9], at the time of writing, there is a persistent skilled-labour shortage within
the building construction industry in Canada. These factors limit scalability and productivity in

response to growing construction demands [10].

The integration of automation technologies, particularly robot arms, offers a promising
solution to these challenges and is capable of adapting to the demand for faster and higher-
quality construction [11-13]. Robotic arms support mass production by efficiently performing
repetitive tasks and adapting to production demands through scalable operations [14]. They also
provide a flexible approach to automating work steps, capable of absorbing production delays
and adapting to various tasks through quick end-effector changes [15]. Their implementation in
prefabrication settings has resulted in increased production efficiency by 15%, production speed

up by 38%, and reduce waste by 30%, according to [16].

In prefabrication, assembling structural components such as wood frame and sheathing have
already been streamlined through automation solutions [17,18]. However, the automation of
insulation installation processes remains underdeveloped. Insulation is a crucial component in

enhancing occupant comfort and improving building energy performance by reducing heat



transfer through building envelopes. Common commercial insulation options in light-frame
wood construction include blow-in, spray foam and batt thermal insulation [19]. Among these,
batt thermal insulation is particularly favoured for its cost-effectiveness in achieving and
maintaining high thermal resistance [20]. While established automated solutions already exist for
blow-in and spray foam insulations, a viable automated method for installing batt insulation into
light-frame wood wall panels, which will be referred as wood-frame wall panels in this thesis,
remains notably absent. This represents a significant gap in the field of automated prefabrication.
The primary challenges in this regards stem from the deformable characteristics of batt insulation

and the need to achieve a tight fit within frame cavities without any imperfections.

Inspired by this gap, this research aims to develop a novel robotic method for installing batt
thermal insulation into prefabricated wood-frame wall panels. This method is designed to
leverage the precision, efficiency and flexibility of robotic arms and be compatible with existing
prefabrication processes for seamless integration and minimal initial investments. Furthermore,
automating batt installation not only enhances efficiency but also significantly improves worker
health and safety. For the latter, this is accomplished by eliminating the risks of developing
chronic respiratory diseases from exposure to airborne dust and fibers, carcinogens, and volatile
organic compounds [21,22], and mitigating ergonomic injuries associated with repetitive motions

during manual insulation installation [23].
1.1 Background and Literature Survey

This section presents a literature survey that outlines current automated solutions for
prefabricated panel production lines. The survey also reviews existing methods for simulating
and handling deformable objects and exploring their applicability to batt insulation. The survey
highlights the complexity and limitations of current technologies, including modelling methods
and commonly used grippers. These findings underscore the need for developing a novel robotic
process and a custom-built end-effector tailored specifically for the automated installation of batt

insulation to wood-frame wall panels.

1.1.1 Prefabrication for Wood-frame Wall Panels

Each prefabricated wall manufacturer [7,24,25], possesses proprietary processes based on

their own unique operational setup, material selection, and desired production volume.



Generally, prefabrication operations for wood-frame wall panels can be described by the stages
illustrated in Figure 1.1. The first stage involves designing and defining the specifications and
dimension of the wall panel to be prefabricated, typically via architectural drawings and CAD
models. Subsequently, raw building materials are cut, shaped, and processed to the required sizes
and quantities in batches or on-demand. The cut-to-size studs and sheathings are then joined
through nailing to construct the basic structural system of the wall panel, forming a canvas to
support additional building elements. Insulation, whether blow-in, spray foam, or batt insulation,
is installed into the wall panels. Finally, windows, doors, and building wraps are incorporated as
dictated by design and building codes. At the end of the production line, the completed wall

panels are stored and await transport to the construction site.
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Figure 1.1: Building prefabrication process

Various automated industrial solutions currently exist to support the aforementioned
prefabrication process [17,18,26,27]. These solutions vary in degree of automation from semi-
automated to fully automated, and addressing single processes to complete production line. It is
well established that automation enhances accuracy and quality of the final product without
sacrificing production speed thanks to the inherent precision of machines and their capability to

interpret CAD models.

For cutting and shaping, automation solutions incorporate CNC machining and horizontal
and vertical saws available in a table feed [7,28], and tool feed configurations [15]. Joining of
studs and sheathing is generally performed in dedicated static framing stations [7], or in multi-
functional bridges [6]. The installation of windows, doors, building wraps, siding, and
subsequent storage of wall panels incorporate a combination of semi-automated solutions
involving material handling systems, namely cranes and turning machines, buffer stations, and
multi-functional bridges [6]. The recent incorporation of robot arms equipped with specialized
end-effectors into the prefabrication process has been trending [29], as they offer an extended

degree of freedom and flexibility beyond traditional machinery. The range of specialized end-



effectors includes parallel grippers and vacuum grippers for material handling, nailer and
adhesive application head for joining, and CNC spindle and saws for cutting and shaping [15,30-
33].

However, automated insulation installation is currently limited to spray foam [34-36], and
blow-in insulation [37,38], both using robotic arms or multi-functional bridges. This is due to
their loose form and inherent void-conforming properties, which make the aforementioned
insulations suitable for automated application. A comparative study [24] examined systems for
installing blow-in insulation that highlighted existing cross-compatibility issues and high
investment cost, which deterred widespread adoption of these technologies. The installation of
batt insulation still remains completely manual due to its deformable and non-linear material
characteristics that complicate the automation implementation. This challenge must be overcome

in order to realize automation of batt insulation installation.

1.1.2 Techniques for Handling Deformable Objects

Manipulation for rigid objects only involves changing the pose of the object. The robotic
insertion methods of rigid objects, such as the classical peg-in-hole problem in which a robot
must align and insert a peg into a hole with tight tolerances, has been well studied in literature
over the past three decades, see [39—41]. Meanwhile, the manipulation of deformable or non-
rigid objects not only considers changing of pose but also the effects on its shape. The process of
detecting and recognizing the deformable object’s state during manipulation remains a

significant challenge and presents an additional layer of complexity for automation [42].

Various conventional methods for detecting and recognizing the deformation involve
approximating a model. Two prevalent approaches to modelling, specifically for 3D objects, are
the mass-spring system [42—45], and the finite element method [46]. However, both methods rely
on assumptions or approximations of the material’s mechanical properties, which can lead to
inaccuracies in the models to represent real world deformation behaviors [47,48]. Many
researches have applied modern techniques like machine learning [49], sensor-feedback [50],
and tactile or visual servoing [45,50], to learn from real data about the forces experienced by the
robot in relation to the material’s deformation during the material handling process. By
leveraging real data on these interactions, appropriate control measures can be implemented to

effectively account for the deformation experienced. Existing examples of manipulation of



deformable objects through modeling and validation testing can be found in [51,52]. In those
examples, modeling was a complex process and consumed a significant amount of computational
resources. In addition, the model obtained through the modeling process is specific for an object
and may not be extendable across similar objects or adaptable if there is a large standard

deviation in material’s properties.

Batt insulation, which exhibits non-static and localized behavior can be classified as a 3D
non-rigid to semi-rigid deformable object. The variability caused by its random internal fiber
orientation complicates accurate modeling, as mechanical properties and degrees of deformation
vary significantly between batts [53—55]. Consequently, considering the approach from [51]
which seeks to achieve an interference fit with a deformable ring, utilizing a simplified version
of Young’s modulus to model insulation as a mass-spring system may not accurately capture the
appropriate response curves across different insulation pieces or even localized areas from the
same insulation piece. Therefore, developing a robust method that bypasses the need to model
the actual deformation, while leveraging the non-rigidity of the insulation, merits further

investigation.

When manipulating and handling the deformable materials, the performance and capabilities
of a robot are primarily influenced by its end-effector. Five types of basic grippers are prevalent

for such purpose, each with distinct features and applications. They are:

1. Clamping grippers: These are the most common off-the-shelf grippers, and are well-
established for their precision, scalability, versatility, and ease of modification. They are suitable
for handling various deformable materials, such as elastic band [51], ropes [52], plastic bags
[56], 3D flexible beam [57]. Their effectiveness typically depends on the object’s resistance to
permanent deformation when being manipulated. As a consequence, these grippers may fail to

provide a consistent grip without damaging the object, such as with batt.

2. Needle grippers: Known for their precision and scalability [58], needle grippers are
typically used for handling fabrics [58] and foams [59]. The risk with needle grippers is that the
needles may penetrate and damage the batt insulation, which can compromise its thermal

resistance.

3. Vacuum grippers: Commonly employed for non-porous deformable materials like sheet

metal [60], they are unsuitable for batt insulation due to its porous nature. That is because the



suction-based mechanism fails to create a vacuum seal with porous materials, leading to

ineffective force generation [58].

4. Soft grippers: Made from soft materials that accommodate the shape of irregular objects,
soft grippers are ideal for sensitive applications like food handling [61], and medical applications
[62]. However, they require a complex control system with accompanying sensors and are task-

tailored, which lack the versatility required for handling the wide array of sizes of batt insulation.

5. Multi-fingered robotic hands: These anthropomorphic devices mimic the natural
movement of a human hand and are equipped with tactile sensors, offering a high degree of
freedom and dexterity [63]. However, their complexity and high cost restrict their general
adoption and implementation, particularly with large deformable objects [46], such as batt

insulation.

The aforementioned grippers are often integrated with other tools to become multipurpose
end-effectors, capable of addressing more complicated tasks such as fabric layup [58] and
gaskets insertion [64]. To address these challenges and simplify the control process, this research
aims to design an end-effector that possesses the necessary features to reliably handle batt

insulation for installation into wall frames.
1.2 Research Objectives and Scope

The overarching objective of this research is to develop an efficient and reliable robotic
system that automates the installation of batt thermal insulation into wood-frame wall panels.
The goal is to achieve successful installation without the need for complex modeling and
simulation. The system utilizes only one robot arm in order to minimize initial investment costs.
In accordance with industry standards [65,66] for insulation installation, the success is defined
by the following criteria: 1) the insulation fits tightly within the frame cavity; 2) there are no
visible voids or gaps between the insulation and wood frame; 3) there is no unwanted

deformation of the insulation.
To achieve the overarching objective, the research has the following four activities:

1. Developing a robotic process for installing batt thermal insulation into light-frame cavities
to mitigate the influence from uncertainties due to deformation and non-linear mechanical

properties.



2. Identifying and tuning variable parameters of the developed robotic process to ensure the

integrity and repeatable success of batt insertion and to avoid robot collisions.

3. Designing a custom robotic end-effector tailored to proficiently manipulate batt thermal

insulation.

4. Implementing and validating the proposed robotic installation process and end-effector

within an in-lab robotic cell to confirm functionality and effectiveness.

Our scope is limited to a standardized configuration of the wood-frame wall panel, which is
a typical straight wall without any internal obstructions such as any piping or wiring. The wood
studs used are pre-selected to ensure minimal warping and twisting, contributing to the
consistency of the robotic installation process. Additionally, the wood frames are set on a flat

working platform, and the insulation is assumed to be pre-cut prior to the installation process.

This research is part of a broader collaboration with RoBIM Technologies Inc., focusing on
the development of prefabricated exterior wall panels for robotic building retrofits. Interested
readers are referred to Appendices A and B for addition information on two original work during
the collaboration with RoBIM. Appendix A provides information on the fire safety provisions for
timber framing construction, while Appendix B covers the thermal analysis required to ensure

compliance with Canadian building codes.
1.3 Thesis Outline

The structure of the remainder of this thesis is outlined as follows.

Following the introduction (background information, literature survey, objectives and scope)
in Chapter 1, Chapter 2 presents a proof of concept for a robotic batt insulation installation
method that was designed and tested through vertical pickup strategy for a scaled wall frame.
Applying the lessons learned from Chapter 2, Chapter 3 investigates an alternate robotic
insertion method via horizontal pickup strategy for full-scale wall frames. Chapter 4 concludes

the thesis findings and provides potential future directions related to this work.



Chapter 2 : Vertical Pickup Strategy

In this chapter, we introduce a robotic method for installing batt insulation into a scaled wall
frame via a vertical pickup strategy. A scaled wall frame was used due to hardware limitations
related to the size and capacity of our existing robot arm at the time. However, this chapter
serves as a foundation and substantiation for further investments to extend the method to full-size

wall panels, which is investigated in our subsequent chapter.

This chapter is organized as followings: Section 2.1 describes the methodology that was
used to obtained the robotic method, including the end-effector and installation process. Section
2.2 demonstrates the effectiveness of our designed robotic method through experiment trials.

Lastly, Section 2.3 concludes the chapter.
2.1 Methodology

The methodology in this chapter was designed to address the research objective previously
outlined in Section 1.2, with a focus on developing a robotic method that comprises two main
components: the robotic installation process and the end-effector. The chapter begins by
introducing the existing in-lab robotic cell which includes a platform setup, a robot arm, and a
parallel gripper. Given the limitations of conventional grippers and the unique challenges posed
by batt insulation, such as its deformation and non-linear mechanical properties, an end-effector
was designed to utilize the existing parallel gripper while incorporating additional features to
handle batt insulation effectively. To address these challenges, a six-step robotic process termed
V-GLITPP was developed. This process avoids the need for complex modeling by focusing on
practical manipulation strategies. The operational parameters for the V-GLITPP method were
identified through the robotic process, and their values were experimentally tuned and
determined to ensure the functionality and effectiveness of the process while avoiding robot
collisions. Following parameter tuning, robotic simulations in a digital twin environment were
performed to model and implement the process. These simulations were crucial for ensuring a
seamless transition from the digital environment to the actual robot arm for validation purposes.
The validation involved additional experiments to confirm the accuracy and repeatability of the

process. Figure 2.1 illustrates the flow chart of the methodology.
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Figure 2.1: Overview of proposed methodology for vertical pickup configuration

2.1.1 In-lab Robotic Cell Setup

The setup of the in-lab robotic cell is illustrated by Figure 2.2. A Universal Robot UR5e was
utilized as the robotic manipulator. The URS5e is a robot arm with 6 degree-of-freedoms. Its
operational capacity is 11 Ibs (5 kg) for payloads and accompanied by a maximum reach span of
33.5 inches (850 mm). The robot arm was mounted on a 46 by 34 inches (1168 x 864 mm) table
platform. The platform’s upper surface is constructed from plastic, providing a smooth texture
that minimizes friction effects between the insulation and the surface. Ultimately, the prototyped

end-effector was affixed to the 6 axis of UR5e.



UR5e Robot

Figure 2.2: The in-lab robotic cell setup

The scaled wall frame utilized in this chapter is constructed using four 2-by-4 SPF
Dimensional Lumbers. This lumber dimension is representative of a most common type of
wood-frame wall used in light-frame construction. The spacing between wood studs is set at 16
inches (406 mm) on-center, a standard stud spacing commonly employed in building
construction, which results in a cavity width of 14.5 inches (368 mm). Due to hardware
constraints, specifically the reach of the robotic arm, the height of the wall cavity has been scaled
to 26 inches (660 mm), instead of a typical 8-foot (2438 mm) wall. Hence, the overall
dimensions of the wood cavity are 14.5 inches (368 mm) in width, 26 inches (660 mm) in height,

and 3.5 inches (89 mm) in depth.

2.1.2 End-Effector Design

[lustrated in Figure 2.3, the end-effector comprises four components: a two-finger gripper, a

force-torque sensor, an adaptor, and a pair of gripping jaws. The two-finger gripper with linear
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stroke is an off-the-shelf product. For standard batt insulation, its width is slightly larger than the
width of the cavity so that a tight-fit can be achieved once inserted. This dimensional difference
requires the robot arm to apply compressive force to insert the batt insulation into the cavity.
Therefore, a force-torque sensor that allows control of the applied force is mounted atop of the
two-finger gripper. The gripping jaw adaptors are designed to connect the off-the-shelf gripper to
the gripping jaws. The adaptors are machined L-shaped steel brackets. The last component of the
end-effector is the custom-built gripping jaws. The inside surface of the jaw is textured to
increase friction between the jaw and the insulation, which with all else being equal, reduces the
grasping force. The size of the jaws can vary but should consider the dimensions and weight of
the insulation, as well as its degree of elasticity. The jaw dimension is crucial to minimize the

permanent deformation during manipulation.
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Figure 2.3: The proposed robotic end-effector in open and close positions

2.1.3 End-effector Prototype

For the implementation, a prototype of the robotic end-effector was developed, see Figure
2.4. Detailed specifications of the end-effector components are listed under Table 2.1. The
Robotiq FT 300-S Force Torque sensor, capable of measuring forces up to + 67.4 1bf (= 300 N)
was utilized. Additionally, the Robotiq Hand-e gripper, with a maximum stroke length of 2

inches (50 mm), served as the parallel gripper. The custom adaptor was designed, in accordance
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with the Hand-e gripper specifications, to incorporate M3 screws for attachment onto the
gripper’s mounting interface. The gripping jaws, with dimensions designed as 4 by 4-1/2 inches
(102 x 114 mm) and a thickness of 3/16 inch (4.76 mm), were 3D printed with a textured interior
surface at the lower section. The final assembly of the end-effector provides an opening for
objects of 3-3/4 inches (95 mm) when the gripper is open and reduces to 1-3/4 inches (44 mm)

when closed.

Figure 2.4: The prototyped robotic end-effector at fully open position (left) and at fully closed
position (right)

Table 2.1: Specifications of the end-effector prototype

Component QTY Material Weight Specifications
[Ibs (kg)]

Force torque sensor 1 - 0.97 e Manufacturer: Robotiq
(0.44) e Model: FT 300-S

e Measuring range: +67.4 Ibf (£300N)
Parallel gripper 1 - 2 e Manufacturer: Robotiq
(1 e Model: Hand-¢
e Stroke per finger: 1 in (25mm)
e Grip payload: 15.4 1bs (7 kg)
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e Gripping force: 4.5 to 41.6 Ibf
(20 to 185 N)

Adaptor 2 Steel 0.67 Machined
(0.3)
Gripping finger 2 PLA 0.08 e 3D printed

(0.04) o Size(WxLxT):4x4-1/2x3/16
inch

(102 x 114 x 4.76 mm)

2.1.4 Installation Process

The proposed process for inserting batt insulation in this section is inspired by both the
manual insertion process [65,66] and the research conducted by Kim et al. [40]. The latter
research focused on the insertion of rigid objects into shallow cavities, incorporating primitive
operations such as grasping, tilting, and tucking. In the context of batt insulation insertion, the
proposed robotic insertion process, termed as V-GLITPP, contains six major steps: (1) Grasp, (2)

Lift, (3) Insert, (4) Tilt, (5) Push, and (6) Press (as illustrated in Figure 2.5).
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Figure 2.5: The V-GLITPP insertion process

13



The initial step is to grasp the insulation from an initialized position. The robot arm moves
to the top of the insulation using a point-to-point motion (PTP motion). Subsequently, the robot
arm descends linearly (LIN motion) until the gripper reaches the insulation’s top edge. Upon
reaching the edge, the gripper closes to securely grasp the insulation. The second step is lifting.
After grasping the insulation, a LIN motion is utilized to lift up the insulation linearly. This is
followed by a PTP motion to position the insulation in proximity of the frame cavity. In the third
step, a combination of PTP and LIN motions is programmed to insert one edge of the insulation
into the frame cavity with consideration of an insertion angle () and offset (d). For the fourth
step, the end-effector is tilted. This ensures that when the grippers open, they avoid collisions
with the frame and release the insulation without shearing. Achieving this involves a PTP
motion, tilting the end-effector to a specific angle (6), and then releasing the insulation. To align
the insulation accurately with the frame, pushing operations are employed along the uninserted
edges. For this, the robot arm utilizes LIN motions to enable the gripping jaws to gently push the
insulation until it aligns flush with the cavity. In the final step, the gripping jaws are employed to
press the uninserted edges of the insulation into the frame cavity, using defined press spacing (s)
and pressing force (Fp,.ss) parameters. The pressing pattern initiates from the corners of the
inserted edge and proceeds along the edges perpendicular to the inserted edge and before finally
pressing along the uninserted edge, that is parallel to the inserted edge. The task description and

associated robot motions outlined above are summarized in Table 2.2.

Table 2.2: Six steps of the V-GLITPP insertion process

Steps Task Description Related robot motions

Grasp  From the initial position, the insulation 1. PTP motion to the top of the insulation
is securely grasped by robotic gripper 2. LIN motion down till the gripper
for pick up and manipulating. reaches the insulation’s edge

3. Close the gripper

Lift The robot arm picks up the insulation 1. LIN motion to lift the insulation
and moves it close to the frame cavity. 2. PTP motion to move the insulation close

the frame cavity

Insert  The robot arm inserts the insulation 1. PTP motion to rotate the insulation.

into the cavity with an insertion angle 2. LIN motion to insert the insulation into

14



(o) and offset (d). the cavity

Tilt The robot arm tilts the insulation to a 1. PTP motion to tilt the insulation
tilting angle (0). Open the gripper

Push The robot arm uses its gripping jaw to 1. LIN motion down till tip of the gripping
push the insulation along the jaw reaches the limit
uninserted edges of the insulation until 2. LIN motions parallel to the frame’s
it is flushed with the cavity. direction to push the insulation into the

cavity
Press The robot arm uses its gripping jaws to 1. PTP motion to the pressing location

press the insulation into the frame

cavity.

. LIN motions descend till the force

reaches the pressing force

3. LIN motion up

4. LIN motion to the section pressing
location

5. Repeat step 2 to 4 until the insulation is

fully inserted.

2.1.5 Parameter Results

The V-GLITPP insertion process involves five key parameters: insertion angle («), insertion
offset (d), tilt angle (8), press spacing (l) and pressing force (Fp,.ss). These parameter values
were determined through a series of individual robotic trials. All the trials were tested on 26
inches (660 mm) length of mineral wool insulation. Once a set of feasible parameter values was
ascertained, they were integrated to illustrate and formalize the entire robotic insertion process

for both mineral wool and fiberglass, the results of which is presented within Section 2.2.
2.1.5.1 Insertion angle (a) & Insertion offset (d) & Tilt angle (0)

There exists an interdependency among the insertion angle («), insertion offset (d), and tilt
angle (6). Changes in the values of one parameter affect the other, as demonstrated by Eq.1. This
equation represents an affine function that defines all points (x,y) on the outer surface of the
fully opened gripper jaw in its tilted position. Most importantly, the parameter values must

satisfy the condition that the affine function (hyperplane) is positioned to the left of the boundary
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point (P). This arrangement ensures collisions-free between the frame and the gripper. Figure 2.6
illustrates the variables used in Eq.1 where: L represents the distance from the tool center point
(TCP) to the end of the insulation; H is the wood stud width, which is equal to the insulation
thickness; W denotes the frame cavity width; E stands for the distance from the TCP to end of
the gripper; G represents the distance between the center line and the outer surface of the gripper
jaw in its fully open position; P corresponds to the inner edge of the wood stud, serving as the

boundary point.

2x * sin(0) — 2L = sin(6 — a) + H * cos(6 — a) — 2« d * sin(0) — 2G
y:

(Eq. 1)

2 cos(0)
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P 3 3 0 N
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Figure 2.6: Illustration of the variables in Eq.1

As a consequence of the texturing on the gripper, a tilt operation is employed to facilitate the
release of insulation from the gripper jaws after insertion into the frame cavity. This approach
reduces disruptions to the insulation’s intended position, prevents damage to its fibers by
eliminating shearing, and allows for maintaining a minimal insertion angle. Obtaining the
minimum tilt angle is essential for the effective release of insulation. The determination of the
minimum tilt angle needed allows for subsequent calculation of the insertion angle and offset.
Moreover, tilting indirectly contributes to the insertion process by leading more edges of the

insulation into the frame cavity. The minimum tilt angle is determined to be 55°, given the
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insulation’s nominal weight and frictional forces. Through trials, a list of tilt angles and their

corresponding outcomes are presented under Table 2.3.

Table 2.3: A list of trialed tilt angles with success rate

0 Success Rate Failure Mode
30 0/5 Insulations were pulled out of the frame cavity.
45 05 Insulations were first pulled, followed by shearing of the
insulation fibers
55 5/5 N/A

The insertion offset is defined as the distance between the insulation’s inserted edge and the
frame. When the offset is either too small or too large, the risk of collision increases during the
insertion or pressing steps, respectively. This necessitates finding a balance between within the
feasible range of offsets. Regarding the insertion angle, a smaller angle results in a longer length
of edge of the insulation being inserted into the frame cavity. This minimizes the likelihood for
the insulation’s edges to catch or snag during the subsequent titling and pressing steps, thus,
ensuring proper seating of the insulation within the frame cavity. The lower limit of the insertion
angle depends on the tilt angle in order to prevent collisions after titling, when the grippers open
to release the insulation. The insertion angle for a specific insertion offset, utilizing the minimum
tilt angle obtained earlier, can be determined from Figure 2.7. This figure is generated by
computing the solution pairs that satisfy Eq.1. Three combinations were selected for testing and
the results are presented in Table 2.4. The tested minimum feasible combination of insertion

angle and insertion offset is achieved at 30° with an offset of 0.75 inches (19 mm).
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Figure 2.7: Combination of insertion angle and insertion offset

Table 2.4: A list of trialed combination of insertion angle and insertion offset with success rate

a(°) d [in (mm)] Success Rate Failure Mode

28.5 0.25 0/5 Collision warning during insertion due to excessive
compression of insulation.

29 0.5 0/5 Collision warning during insertion due to excessive
compression of insulation.

30 0.75 5/5 N/A

2.1.5.2 Press spacing (s)

The press spacing signifies the positions where the gripper will apply pressure along the
uninserted edge of the insulation, facilitating its complete insertion into the frame cavity while
ensuring no insulation edges remain exposed. While there are no explicit limitations on the
quantity of presses, minimizing press count contributes to time efficiency. In the conducted
trials, the center-to-center distance of the press spacing varies from 15 to 5 inches (381 to 127
mm), with the initial press initiated from a corner of an inserted edge. The outcomes of the trials
are compiled in Table 2.5. It was noted that a 5-inch (127 mm) press spacing effectively

accomplishes the insulation’s insertion into the frame cavity, without any conspicuous convexity.
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Table 2.5: A list of trialed press spacing with success rate

s [in (mm)] Success Rate Failure Mode
15 (381) 0/5 Evident convexity noticeable between each press point.
10 (254) 3/5 Evident convexity noticeable between certain press points.
5(127) 5/5 N/A

2.1.5.3 Pressing force (Fpyess)

Once the press spacing is determined, it becomes crucial to apply the minimum amount of
force necessary to press the insulation into the frame cavity. This approach ensures that the
insulation avoids permanent deformation, which could lead to a loss of effective R-value. The
lower and upper bounds for the pressing force are 18 1bf (80 N) and 27 Ibf (120 N), respectively.
The results of the trials are listed in Table 2.6. It was determined that a pressing force of 22.5 1bf
(100 N) fully and reliably presses the insulation into the frame cavity each time without

unwanted deformation to the insulation.

Table 2.6: A list of trialed pressing force with success rate

Fpress [Ibf (N)]  Success Rate Failure Mode
18 (80) 2/5 There were instances that the insulation was not fully
pressed in.
22.5 (100) 5/5 N/A
27 (120) 4/5 There was an instance where the insulation had permanent
deformation.

2.1.6 Robot Simulation and Control

The model and control of the URSe’s robotic process employs the RoBIM software,
illustrated in Figure 2.8. The software is a robotic simulator solution that provides a digital twin
environment for controlling the robotic arm and provides trajectory simulation with collision
avoidance capabilities. It is worth mentioning that the collision avoidance algorithm assumes the
handle object is a rigid body. During grasping and lifting operations, the insulation can be treated
as rigid body for the purpose of collision avoidance as minimal deformation occurs. During
insertion, tilt, and pressing operations, the collision warning is ignored as significant deformation

is required to achieve a tight insertion of the insulation into the frame cavity.
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Figure 2.8: Simulation environment in RoBIM software

2.2 Validation

The designed V-GLITPP process was tested using the parameters values obtained in
Subsection 2.1.5 and listed in Table 2.7. Tests were conducted on both mineral wool and
fiberglass batt insulations at the robot arm’s maximum linear TCP speed of 39.4 in/s (1000
mm/s). These tests included ten trials for each insulation configuration under two distinct
scenarios. Each test was performed using new insulation to simulate the actual application in

construction.

Table 2.7: Summarized selected parameter values obtained from Subsection 2.1.5

Parameter Value
Tilt Angle (0) 55°
Insertion Angle (o) 30°
Insertion Offset (d) 0.75 in (19 mm)
Press Spacing (s) 5in (127 mm)
Pressing Force (Fpyess) 22.5 Ibf (100 N)
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2.2.1 Overview

Two scenarios were designed to represent the actual configurations of insulation installation

in construction, as illustrated in Figure 2.9:

Scenario 1 (S1): A single piece of insulation fills the entire 26 inches (660 mm) length of the

frame cavity.
Scenario 2 (S2): Two pieces of insulation places in tandem within the frame cavity.

S2.1: The first step involves inserting a 20-inch (508 mm) piece to contact three sides of the

frame.

S2.2: The Second step involves inserting a 6-inch (152 mm) piece to complete the fill of the
frame cavity. During the insertion of the 6-inch (152 mm) piece, an additional 1-inch (25.4 mm)
offset was applied between the two insulations to avoid the interaction of large frictional forces

between the mating surfaces.
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Figure 2.9: Two scenarios
2.2.2 Results and Discussion

Table 2.8 summarizes the experiment results using the selected parameters obtained in
Subsection 2.1.5. Figure 2.10, Figure 2.11, and Figure 2.12 illustrate the progress throughout the
experiments and the final results of the insertion with the front and back views of the insulation
for S1 in mineral wool and S2 in fiberglass. Additional experiment figures are presented in

Appendix C. The success of the entire V-GLITPP insertion process is defined by the insulation
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fitting tightly within the frame cavity, the absence of visible voids and gaps between the

insulation and wood frame, and the insulation having no shearing or permanent deformation.

Given the success criteria, the overall success rate of the V-GLITPP stands at 93.3%.

Table 2.8: Experiment results for entire V-GLITPP insertion process

Scenario Insulation Length [in (mm)] Batt Insulation Type Success Rate
1 26 (660) Mineral Wool 9/10
1 26 (660) Fiberglass 10/10
2.1 20 (508) Mineral Wool 10/10
2.1 20 (508) Fiberglass 9/10
2.2 6 (152) Mineral Wool 8/10
2.2 6 (152) Fiberglass 10/10
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Figure 2.10: V-GLITPP process for Scenario 1 with mineral wool insulation (Grasp, Lift, Insert,
Tilt, Push, Press, front and back completion views)
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Figure 2.11: V-GLITPP process for Scenario 2.1 with fiberglass insulation (Grasp, Lift, In
Tilt, Push, Press, front and back completion views)
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Figure 2.12: V-GLITPP process for Scenario 2.2 with fiberglass insulation (Grasp, Lift, Insert,
Tilt, Push, Press, front and back completion views)

The high success rates, as showed in Table 2.8, were achieved by mitigating the negative
effects of deformation and uncertainties in mechanical properties while leveraging the non-
rigidity of the insulation through each step of the V-GLITPP insertion process. The integration of
individual parameter selection into a single continuous process, facilitated by a custom-built
gripper, is seamless and repeatable. The results demonstrate that the manipulation of batt
insulation using the designed grasping, lifting, and inserting steps are capable of achieving high
positional accuracy. The tilting step reduces the risk of shearing of the insulation during release,
while the pushing step guides the insulation into an orientation where uncertainties and random
disturbances are minimized before pressing. Ultimately, the pressing step ensures a tight-fitted

insulation within the frame cavity, without any discernible gaps and deficiencies.

There were four instances in which the V-GLITPP process did not succeed. In Scenario 2.1,
the failure was an outlier, as no defects were observed in the insulation. For Scenarios 1 and 2.2,
the lack of success resulted from pre-existing creases and pockets of low-density in the

insulation. Notably, the insulations used in validation were all chosen randomly from the
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packaging without any rejection of unideal pieces of insulation. Incorporating insulation pre-

inspection, selection, and rejection would raise the success rate.
2.3 Chapter Conclusion

This chapter introduces a robotic method to insert batt thermal insulation into wall frame.
The method comprises two major components: a custom-built end-effector and a corresponding
robotic insertion process. The end-effector seamlessly integrates a force-torque sensor, a two-
finger gripper, an adaptor, and a pair of gripping jaws. The proposed robotic insertion process,
named V-GLITPP, encompasses a sequence of six major steps: Grasp, Lift, Insert, Tilt, Push,
and Press. To identify the variable parameters within the V-GLITPP insertion process, an in-lab
robotic cell equipped with a prototyped end-effector was utilized. Through a series of individual
robotic trials and iterative refinements, these parameter values were determined. The
effectiveness and feasibility of the proposed robotic method were evaluated using two common
batt thermal insulations: mineral wool and fiberglass. Test scenarios encompassed both a single
insulation piece filling the entire frame cavity and the tandem placement of two insulation pieces
within the cavity. The results exhibited a remarkable 93.3% success rate for the V-GLITPP
insertion process. As our objective is to develop a robotic method for the installation of batt
insulation in wall panel prefabrication, we look to expand the V-GLITPP method to full-size

frames.
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Chapter 3 : Horizontal Pickup Strategy

Chapter 2 was initially developed and tested on a scaled wood frame, which has
demonstrated that robotic insulation installation is viable. As a result, we made significant
financial investments to support the insulation installation process for full-scale frames, such as:
a larger capacity and reach robot arm, longer stroke grippers, and commissioned custom
fabrications. However, directly scaling up the V-GLITPP method to full size implementation
presents a key challenge. While the method is effective with smaller-sized insulation, the
handling of large-sized insulation introduces more difficulties due to potential shape distortions
as a result of its own weight. The flexibility and weight of larger insulation batts also add greater
uncertainties and complexities during the installation process, especially during the tilt step of V-
GLITPP. In addition, when batt insulation is fed in a vertical configuration, it necessitates an
additional step to separate the insulation from a stack and additional support to prevent falling
during vertical pickup. Nonetheless, we apply the research, techniques, lessons learned from V-
GLITPP to facilitate full-size implementation in horizontal pickup configuration to reduce the

aforementioned additional step and support.

In this chapter, we introduce a robotic method to install batt insulation into full size wall
frames through a horizontal pickup strategy. The outcomes of this chapter include the design,
development, and testing of both the installation process and end-effector. Similar to the outline
of the previous chapter, Section 3.1 describes the methodology used to obtained the robotic
method including the end-effector and installation process. Section 3.2 demonstrates the
effectiveness of our designed robotic method through experiment trials. Lastly, Section 3.3

concludes the chapter.
3.1 Methodology

The methodology for this horizontal pickup strategy builds on the insights gained from
Chapter 2, with a focus on full-size batt insulation installation. This section outlines the
development of the H-GLPPR process, a five-step robotic method tailored to overcome the
challenges identified with the vertical pickup strategy, such as the need to accommodate the size,
weight and orientation of the full-size batt insulation. To ensure efficiency of the installation
process, the key operational parameters were identified, and a dedicated multi-purpose end-

effector was engineered to enhance the functionality of the end-effector used in Chapter 2. A
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prototype of this end-effector was fabricated and tested within an established in-lab robotic cell
setup. The parameter values were tuned and determined through experimentation with the
prototype to prevent material damage and collisions while ensuring a tight-fit. Additionally,
robotic simulations and control algorithms were developed to model and implement the H-
GLPPR process. These simulations facilitated a smooth transition from theoretical models to
practical robot operations. Validation involved conducting further experiments to verify the

accuracy and repeatability of the process. Figure 3.1 illustrates the flow chart of the

methodology.
Robotic Installation End-effector
Process
! |
Develop aprocess | | Design end-effector
J J
Define parameters Fabricate prototype

| \
I

Establish in-lab
robotic cell setup
l

Determine & tune
parameter values

|
Develop robot
simulation and
control
|
Validation

Figure 3.1: Overview of proposed methodology for horizontal pickup configuration

3.1.1 Installation Process

The proposed robotic process for installing batt insulation, draws inspiration from both
traditional manual installation techniques [65,66], as well as insights from the existing V-
GLITPP method. The process addresses the main challenges outlined in the introduction section,
such as the deformable nature of batt insulation and achieving an interference fit. The process is
structured around two subprocesses: pick-and-place and insertion, which are further divided into
five major steps: (1) Grasp (2) Lift (3) Place (4) Press, and (5) Roll, hence is termed H-GLPPR.
Initially, the pick-and-place subprocess, which comprises of the Grasp, Lift, and Place steps, is

completed for each piece of insulation. This is followed by the insertion subprocess, which
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includes the Press and Roll steps, that is performed for all the insulation pieces in the same

cavity. The following details each step in the process (Figure 3.2):

Grasp: The robot initiates the process by activating its end-effector to securely grasp the pre-
cut batt insulation from an initialized position. This action requires precise control of the end-

effector’s gripper closure ([,) to avoid material damage while ensuring a firm hold.

Lift: Once securely grasped, the insulation is lifted from the initialized position. This step is
crucial to maintaining stability and preventing further deformation of the insulation under

gravitational forces. The grasp location (x4) on the insulation is carefully considered to minimize

drooping.

Place: The robot maneuvers the insulation so its center point aligns with the longitudinal
center axis of the designated cavity of the wood frame. It then positions the insulation atop the

wood frame, ensuring correct alignment for the subsequent steps.

Press: The robot gently presses the insulation’ edges into the cavity. Even if the wood frame
is slightly non-straight, this step helps properly constrains the insulation within the cavity. This
step considers the top-bottom clearance (cyp), side clearance (cg), pressing depth (d,), tilt angle
(¢), and interval (i) to ensure the insulation’s edges insert snugly without robotic collision or

excessive compression.

Roll: Finally, the end-effector performs a rolling operation which takes into consideration
the rolling depth (d,.) and rolling path, in order to smooth out the insulation within the frame
cavity. This step eliminates any trapped air pockets and ensures uniformity of the installed

insulation.
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Figure 3.2: H-GLPPR process

3.1.2 End-Effector Design

The proposed end-effector for the H-GLPPR process consists of two robot tools: a dual

parallel gripper assembly and a roller assembly, as illustrated in Figure 3.3.

The dual parallel gripper assembly is utilized during pick-and-place subprocess. The parallel
grippers are off-the-shelf products enhanced with custom-built gripping fingers. The selected
electric parallel grippers are from Zimmer Group, featuring a maximum stroke length of 4.72
inches (120 mm), providing sufficient range to securely grasp the insulation materials. The
gripper fingers, inspired by the fingers developed in V-GLITPP method, measure 4 by 7 inches
(102 x 178 mm) with a thickness of 3/16-inch (4.76 mm), and are fabricated using 3D printing
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technology. These fingers are crucial for the subprocess, featuring a textured inner surface at the
lower section that increases gripping friction to ensure a secure and effective grip. The gripper
finger adaptors provide rigid support and enable the fingers to be mounted onto the gripping rails
which are equipped with ticks for easy position adjustment. This setup offers a material width
handling range of 14 to 28 inches (356 to 711 mm), accommodating various insulation widths
without the need for longer stroke grippers. The grippers are mounted onto a 30-inch (762 mm)
long T-slot frame via T-slot adaptors, allowing movement along the T-slot frame to target
specific grasp locations of the insulation. The entire gripper assembly is mounted onto a cylinder
extender to ensure adequate clearance and avoid interference with the roller. This gripper

assembly is highly flexible and adaptive to a range of insulation sizes.

The roller set is utilized during the insertion subprocess to minimize friction, sticking, and
snagging when rolling the insulation. The roller, with a 3-3/8 inches (85.7 mm) radius, is
designed to account for insulation deformation, ensuring that the central roller rod does not

collide with the insulation or the wood frame during pressing and rolling actions.

The final assembly is completed with a custom-designed 90-degree angle flange, serving as
the dual tool mount adaptor, to affix both the gripper assembly and roller assembly onto the end

of the robot arm, facilitating an integrated multi-purpose system.

Roller 90° Angle flange

%Roller rod

Gripper finger
& adaptor
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Figure 3.3: End-effector design in isometric, top, side, front views

3.1.3 In-lab Robotic Cell Setup

As illustrated in Figure 3.4, a Universal Robot UR20 was utilized as the robotic arm,
mounted on a standalone platform. The UR20 is a six degrees of freedom robot arm, capable of
handling payloads up to 44.1 lIbs (20 kg). It operates at a maximum speed of 78.7 in/s (2000
mm/s) and has a maximum reach of 68.9 inches (1750 mm). The working platform was a
custom-built, L-shaped table with a flat surface, designed for facilitating the entire insulation
installation process. The lines drew on the table’s surface serve as referencing datums for

insulation pickup, while wood frame acts as datums for insulation installation, which
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geometrically link the physical setup with the digital simulation. The prototyped end-effector,
detailed in Subsection 3.1.4, was attached to the sixth axis of the UR20.

Figure 3.4: In-lab robotic cell setup

3.1.4 End-effector Prototype

The end-effector prototype, as illustrated in Figure 3.5, was specifically developed for this
robotic setup. Detailed specifications of its main components are listed in Table 3.1. These
components not only follow the guidelines established in Subsection 3.1.2 on End-effector
Design, but are also engineered to minimize weight. This was achieved by selecting lightweight
materials such as aluminum alloy, incorporating weight-saving features in the CNC machined
adaptors, and choosing other lightweight parts to comply with the payload limitations of the
UR20. The overall weight of this prototype is 20.25 Ibs (9.2 kg).
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Parallel
gripper =

Figure 3.5: End-effector prototype

Table 3.1: Specifications of the end-effector prototype

Component QTY Material Dimension Weight Specifications
[in (mm)]  [lbs (kg)]

Parallel gripper 2 - - 1.78 e Manufacturer:
(0.8) Zimmer Group
e Model:

GEH6060IL-03-B

e Type: Electric

e Stroke per finger:
2.36 in (60 mm)

e Gripping force:
225 — 225 Ibf
(100N -1000N)

Gripping finger 4 PLA W:4(102) 0.13 3D printed
L:7(178) (0.06)
T: 3/16
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Roller

Gripping finger
adaptor

Gripping rail

T-slot frame

T-slot adaptor

Cylinder extender

Roller rod

90° angle flange

PP

Al Alloy

Al Alloy

Al Alloy

Al Alloy

Al Alloy

SS

Al Alloy

(4.76)

R: 3-3/8 242
(85.7) (1.1)
L:12-1/2
(318)
- 0.27
(0.12)
- 0.18
(0.08)
H: 3.15 5.72
(80) (2.6)
W: 1.57
(40)
L: 30
(762)
- 0.53
(0.24)
- 0.77
(0.35)
- 1.76
(0.8)
Angle: 90° 2.64
(1.2)

CNC machined

CNC machined

CNC machined

e Rail profile:
Hollow; Double

CNC machined

CNC machined

CNC machined

CNC machined

3.1.5 Parameter Results

The H-GLPPR process is governed by six key parameters, which are previously defined in
Subsection 3.1.1 on the Installation Process: grasp location (x,), gripper closure (l.), clearance
(c), rolling depth (d,.), pressing depth (d,,) and tilt angle (¢), and pressing interval (i). These
parameter values were determined through a series of individual robotic trials. The trials utilized
two types of batt insulation representing the extremes in terms of both weight and dimensions:

Type A, the lightest, is fiberglass insulation measuring 15 by 3.5 inches (381 by 89 mm) and
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Type B, the heaviest, is mineral wool insulation measuring 23 by 5.5 inches (584 by 140 mm).
Both types are of a standard 47-inch (1194 mm) length, as packaged. For each type of insulation,
three trials were conducted to determine the values for each parameter, and only a parameter
value that completed all three trials was considered successful. After iterating these trials to
identify a set of feasible parameter values, they were unified to formalize and illustrate the
complete robotic installation process. The results of this unification are presented in Section 3.2

on Validation.
3.1.5.1 Grasp location (x,)

To determine the optimal grasp locations of batt insulation during pickup, we consulted the
adapted Euler-Bernoulli beam theory, traditionally applied to predict deflection in rigid beams.
Considering the deformability of batt insulation, applying this theory to non-rigid and semi-rigid
objects is unconventional. However, for the purposes of robotic manipulation, which involves
pickup without damaging the insulation and effective trajectory planning, it is critical to
minimize deflection. Therefore, approximating the insulation as a rigid beam provides a useful
initial estimate of relative deflection, without knowing the mechanical properties and using

complicated FEA modeling.

In our model, the pickup of insulation using two parallel grippers is conceptualized as an
overhanging beam, uniformly loaded and symmetrically supported at both ends, as illustrated in

Figure 3.6. We derived an expression for deflection occurs at the ends, A,, 45 (in Eq.2) and at the
4
midpoint between supports, A,,;4 (in Eq.3). In these equations, % represents a normalizing term

comprising of the self-weight per unit length (w) multiplied by quadruple the length of the
insulation (L*), divided by Young’s modulus (E) and moment of inertia (I), which are assumed
consistent throughout the entire piece of the batt insulation to justify the use of beam theory. We
define the variable x, to represent, as a percentage of L, the distance from the end of the
insulation to the grasp location. Minimum deflection throughout the entire beam, is achieved
when Agpgs is equal to Ap;q. After solving the equations and isolating for x,, we obtained a
value of approximately 0.22, suggesting that the grippers should be positioned at 0.22 times the
length of the batt insulation from both ends.
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Figure 3.6: Overhanging beam with uniform load and symmetrical end supports

wlL* (xg + 6x; — 6x5 + xg)
Aends: El * 24

(Eq.2)

wl* (16x; + 64x3 — 96x2 + 40x, — 5)
El 384

Amid: (EC[ 3)

This theoretical approach was then validated through experimental tests, which confirmed
the predicted deflection behavior of the insulation and the effectiveness of the identified grasp

locations to minimize drooping.

Table 3.2: Grasp location validation with success rate

Xg Success Rate:  Success Rate: Failure Mode
Type A Type B
0.22 3/3 3/3 N/A

3.1.5.2 Gripper closure (1)

For consistency, we define the gripper closure in terms of the deformation caused to the
insulation rather than the absolute displacement of the gripper. As a result, the gripper closure
can be described as the difference between the insulation’s original form and the compressed
state after gripper closure. We have conducted extensive testing of gripper closure settings across

eight different configurations of batt insulation, instead of focusing on just two extreme cases.
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By iteratively varying the gripper closure values on the batts and assessing both grip efficacy and
material condition, we obtained a dataset of gripper closure settings for our end-effector. These

settings are detailed in Table 3.3.

Table 3.3: Gripper closure for various insulation types and sizes

Batt Insulation Type Insulation Size (W x T) [in (mm)] l, [in (mm)] Success Rate

Mineral Wool 15x3.5(381x89) 1-5/8 (40) 3/3
Mineral Wool 15 x 5.5 (381 x 140) 1(25) 3/3
Mineral Wool 23 x 3.5 (584 x 89) 1-3/4 (45) 3/3
Mineral Wool 23 x 5.5 (584 x 140) 1-3/8 (35) 3/3
Fiberglass 15x3.5(381 x 89) 3(75) 3/3
Fiberglass 15x 5.5 (381 x 140) 1-3/4 (45) 3/3
Fiberglass 23 x 3.5 (584 x 89) 4-3/4 (120) 3/3
Fiberglass 23 x 5.5 (584 x 140) 3-3/4 (95) 3/3

Note: All gripper closure measurements were initially obtained in millimeter. The values in

inches were rounded from millimeters to the nearest 1/8 inch.
3.1.5.3 Clearance (c)

Clearances are critical for preventing collisions between the roller and the wood frame
during the insulation insertion process, at the top-bottom(c;,) and side(c,) positions. In our
experimental trials, we tested top-bottom clearances of 0, 0.5, and 1 inch (0, 12.7, and 25.4 mm)
and side clearances of 0.5, 1 and 1.5 inches (12.7, 25.4 and 38.1 mm), as presented in Table 3.4
and Table 3.5. Our findings indicated that a top-bottom clearance of 0.5 inches (12.7 mm) is
optimal, while a slightly larger side clearance of 1 inch (25.4 mm) is necessary. The increased
side clearance is required due to cumulative effects of deviations from straightness in longer
length of wood studs. Smaller clearances, such as 0 inches (0 mm) for top-bottom and 0.5 inches
(12.7 mm) for side, frequently resulted in collisions, due to these deviations of the studs from
straightness and tolerances of the roller. Conversely, clearance of 1 inch (25.4 mm) for top-
bottom and 1.5 inches (38.1mm) for side were found to be excessive, resulting in edges lifting up

that led to insufficient insertion of the insulation.
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Table 3.4: A list of trialed top-bottom clearance with success rate

Cib Success Rate:  Success Rate: Failure Mode
[in (mm)] Type A Type B
0(0) 0/3 0/3 Collision between roller and frame
0.5 (12.7) 3/3 3/3 N/A
1(25.4) 1/3 2/3 Insufficient insertion

Table 3.5: A list of trialed side clearance with success rate

Cg Success Rate:  Success Rate: Failure Mode
[in (mm)] Type A Type B
0.5 (12.7) 0/3 0/3 Collision between roller and frame
1(254) 3/3 3/3 N/A
1.5(38.1) 1/3 3/3 Insufficient insertion for Type A Insulation

3.1.5.4 Rolling depth (d,.)

The rolling depth is defined as the distance the roller travels below the frame’s surface to
smoothly roll the insulation into the cavity, ensuring that there are no gaps and unwanted
deformation that could potentially reduce the effective R-value of the insulation. In our trials, we
tested rolling depths of 0, 0.75, and 1.5 inches (0, 19.1, and 38.1 mm), which are listed in Table
3.6. A depth of 0.75 inch (19.1 mm) was found to consistently roll both fiberglass and mineral
wool insulation into the frame cavity, however, it was insufficient along the edges. This later led
to the introduction of a pressing step, detailed in Subsubsection 3.1.5.5 and 3.1.5.6, for the
proper insertion of the edges. At a depth of 0 inches (0 mm), the roller’s inadequate depth
resulted in only partial insertion of the insulation body, not just the edges, leaving noticeable
gaps within the frame cavity. Conversely, a depth of 1.5 inches (38.1 mm) led to interference
between the roller and the insulation. This excessive depth caused the roller to embed too deeply,
constraining its ability to move smoothly along the insulation’s surface, which led to catching
and compressing the insulation. Such over-compression not only caused fracture in the fibrous

structure leading to permanent deformation but also obstructed effective rolling.
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Table 3.6: A list of trialed rolling depth with success rate

d, Success Rate:  Success Rate: Failure Mode
[in (mm)] Type A Type B
0(0) 2/3 0/3 Only partial insulations were inserted
0.75 (19.1) 3/3 3/3 N/A, but insufficient insertion along the edges
1.5 (38.1) 2/3 0/3 Interference between the roller and insulations

3.1.5.5 Pressing depth (d,,) and Tilt angle (@)

The introduction of tilt angles in conjunction with the pressing depth, prior to rolling, is
essential to overcome the insufficiency of solely the rolling step when it comes to the edges. The
tilt angle is defined as the angle between the roller’s longitudinal axis and the insulation surface.
Similarly, the pressing depth is the distance the roller travels below the frame’s surface to press
the insulation’s edge flush into the cavity. In our trials, pressing depths of 0.75 inches (19.1 mm)
and 1 inch (25.4 mm) were evaluated, in combination with tilt angles of 15 degrees and 30
degrees. The combination of a 1-inch (25.4 mm) depth with a 15-degree tilt angle consistently
pressed the edges of both fiberglass and mineral wool insulation fully into the frame cavity.
However, a depth of 0.75 inches (19.1 mm), although optimal for the main body of the insulation
during the rolling phase, was less effective at the edges regardless of the tilt angle used,
particularly for mineral wool. This ineffectiveness is due to its higher density and fiber rigidity,
which resist compression under the applied press. Conversely, any combination involving a 30-
degree tilt angle diminished effective side clearance, which is intended to accommodate the
slight non-straightness of the studs, and led to collision between the roller and the frame. The

obtained results are detailed in Table 3.7.

Table 3.7: A list of trialed combination of pressing depth and tile angle with success rate

d, @ Success Rate:  Success Rate: Failure Mode
[in (mm)] [°] Type A Type B
0.75(19.1) 15 3/3 0/3 Insufficient insertion for Type B
0.75(19.1) 30 0/3 0/3 Collision between the roller and frame
1(25.4) 15 3/3 3/3 N/A

40



1(25.4) 30 0/3 0/3 Collision between the roller and frame

3.1.5.6 Pressing interval (i)

The pressing interval specifies the locations along the insulation’s longitudinal edges where
the roller applies pressure, ensuring that no insulation edges remain uninserted after rolling.
Although there are no limits on the number of presses, minimizing the press count shortens
insulation installation time. In our trials, the center-to-center distance of the pressing interval
were tested at 20, 15, and 10 inches (508, 381, and 254 mm), starting from the bottom of the
frame and concluding at the top, and also including a press at the junction between insulation
pieces. It was observed that a 10-inch (254 mm) pressing interval ensures complete insertion of
the insulation’s edge into the frame cavity, without any noticeable convexity after rolling. In
contrast, intervals of 20-inch (508 mm) and 15-inch (381 mm) resulted in visible convexities
between the press points along the edges, indicating inadequate coverage application. The results

are shown in Table 3.8.

Table 3.8: A list of trialed pressing interval with success rate

i Success Rate:  Success Rate: Failure Mode
[in (mm)] Type A Type B
20 (508) 0/3 1/3 Visible convexities along the edges
15 (381) 1/3 3/3 Visible convexities along the edges for Type A
10 (254) 3/3 3/3 N/A

3.1.6 Robot Simulation and Control

An offline programming was developed within a digital twin environment implemented in
RoboDK, as shown in Figure 3.7, to enable virtual testing of interaction before physical
implementation. The offline program automates the calculation of the target points and the
generation of the toolpath. As detailed in Algorithm 1, a series of target points for pick-and-place
and insertion tasks are calculated in relation to the robot’s tool center points (TCPs). These target
points are fundamental for the subsequent generation of the robotic toolpath, as executed
Algorithm 2. The TCP of the dual gripper assembly is located at the midpoint between the two
grippers and is flush with the bottom of the gripper fingers. Meanwhile, the TCP for the roller

assembly is centrally located on the roller.
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Figure 3.7: RoboDK robotic cell setup in isometric view (1*) and top view (2"¢)

Algorithm 1 shows the calculation of all the target points. The pick-and-place subprocess

aligns each insulation’s center point with the wood frame’s longitudinal center axis. The grasp
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point (pgrqsp) for each insulation is set above the table to allow clearance for the grippers.
Placement point coordinates (ppiqce) are calculated by adding its mid-length to the cumulative
lengths of previously placed insulations. Additionally, an intermediate point (pjuter) in the
toolpath is explicitly specified to avoid collisions during the movement of insulation. For the
insertion subprocess, pressing and rolling steps are set along both longitudinal edges of the
frame, categorized into ‘rear’ and ‘near’ press points, as well as ‘rear’, ‘mid’, and ‘near’ rolling
points. The pressing point (p,yess) and rolling point (p,.,;;) are determined by the roller’s radius,
frame dimensions, and various parameters as outlined in Subsection 3.1.5. When multiple
insulations are inserted into one frame cavity, precise pressing at joint points is required to
ensure proper alignment. Each target point has an associated approach/departure point (pgpp ),
which elevates the end-effector to a designated height to prevent collisions and ensure smooth

operational flow.

Algorithm 1: target points_calculation

Input:

I = (1, I}, I;): list of insulation, insulation width, length, thickness

(Ey, Fy, Fy): frame cavity width, length, thickness

Dins = (Pins, Pins,» 0): origin of the insulation relative to the world frame
pr = (0r, Pf,» 0): origin of the frame relative to the world frame

(Rg, Ry): roller diameter, length

h: height increment for approaching and departing from the target point

a: clearance between gripper fingers and the table or frame

parameters that identified in the Section 4.2

Output:
p: list of target points

1: # calculate target points for pick-and-place task

2: for each insulation in I do
I 1
3: pgrasp = Dins + (EI'?WJ a)

4: papp_grasp = pgrasp + (0;0; h)
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papp_place = pplace + (O'Or h)
end for

# calculate target points for insertion task

[Ri2+Rgp?

) * COS [tan‘1 (@) + <p] + ¢,
2 R;

[Ri2+Rgp?

——) * cos [tan‘1 (%QZ) + <p] — ¢}

Ax_press: {’rear’: pfx + (

near’: pr + F, —(
— ’, Ry ! ’, Rg
Ay= {"top" Py, + (7 + ¢¢p), 'bottom': Ps, +F - (? + ¢p)}
R12+R02 . 1 Rg
A, press= Fr —dp + (—2 ) * sin [tan (R_z) + <p]
roty = {'rear’: ¢, 'near’: —¢}
for each name in A, ;055 do
ppressy_value = Ay_top
m =
while ppressyivalue < Ay_bottom
ppressym = ppressyivalue
ppress[Axipressiname]im = [pf + (Axpress [Ax_press_name]' ppressym'Azpress)] *

TolYname

papp_press[ = ppress[ + (0,0, h)

Axjolljw.me]J" Ax,press,namelfm

+=i

ppressy,value

. 1 _ 1 i
lfZj:l Il]- < ppressyivalue <= j=11lj +1

ppressyivalue = j=1 Il}-
m+=1
if ppressyiyalue P= Ay_boti:om

ppress[Ax press.namel-m =Pr + (Ax_press [Ax_press_name]' Ay_bottom’ Az_press)
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27: papp_press[ = ppress[ + (O;O; h)

Ax_press_namel-m Ax_press_namel-m

28: end for

29: Ay you= {'rear’: ps + (% +¢5), 'mid": ps, + %‘”, 'near’: pr +F, — (% +c5)}
30: Ay rou= Fe — dyp + 2

31: for each A, ;511 name do

32: for each A, ;. do

33: pro”[ijollfname]f[Ay,nan”LE] = pf + (Ax_roll[Ax_roll_name]l Ay [Ay_name]J Az_roll)
34: papp—ro”[ijollfname]f[Ay,name] = pro”[ijollfname]f[Ay,name] + (0'0' h)

35: end for

36: end for

37: b= pgrasp + papp_grasp + Dinter + pplace + papp_place + ppress + papp_press + Prou

+ papp_roll

38: return p

Algorithm 2 outlines the toolpath for the H-GLPPR process. Initially, it sets the dual gripper
assembly as the active tool with collision detection enabled to ensure that no collisions occur
during the pick-and-place subprocess. For the insertion subprocess, it switches the active tool to
the roller assembly with collision detection disabled, as the simulation does not model insulation
deformation, which could lead to false collision signals. The specifically designed parameters
that is discussed in Subsection 3.1.5 mitigate the need for collision detection in the digital twin

environment, ensuring that no collisions occur in the actual robot operation.

The toolpath is generated from the defined target points, employing point-to-point motion
(Move]) for transitions where the exact path of the end-effector is less critical. This approach is
time-efficient, such as in movement from the home position to the approach grasp point
(Papp_grasp)- Meanwhile, linear motion (Movel) is utilized when the end-effector must follow a
precise linear path, especially near fixed objects. Here, precise path control is crucial to avoid
collisions and ensure the success of the task, such as when moving from the approach grasp point
(Papp_grasp) to the grasp point (pgrqsp) and then returning to the approach grasp point
(Papp_grasp)- For the pressing step, the toolpath is generated by sequentially pressing target points

(Ppress) from the bottom to the top of both the rear and near sides of the wood frames. Similarly,
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the toolpath for the rolling step involves rolling from the bottom to the top of the frame. The
number of the rolling paths depends on the ratio of the frame cavity width to the roller length. If
this ratio equals 1, rolling occurs only from the center longitudinal axis of the frame. If the ratio

exceeds 1, rolling is required along the rear and near sides.

Algorithm 2: toolpath_generation

Input:

target_points_calculation: inputs, output and variables from Algorithm 1

Output:
T: H-GLPPR toolpath

# toolpath of pick-and-place task
set gripper as tool

set grippers open

set collision detection on

start from Home position

for each I do
Move] (papp_grasp)

MovelL (pgrasp)

set grippers close
MoveL (Papp_grasp)
Move] (Pinter)
Move] (Papp piace)
MoveL (ppiace)

N I AN - U

e e e
bl R

set grippers open

MovelL (papp_place)

: end for

p—
(9]

—_—
N N

: # toolpath of pressing step

p—
(0]

: set roller as tool

p—
\O

: Move] (papp_pressrearim)

[\
=)

: set collision detection off
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21: for each name in A, ;. ¢55
22: forn = 0,1..m-1do

23: Movel (papp—press[Ax,press,name]f(m—n))
)

25: Movel (papp—press[Ax,press,name]f(m—n))

24: Movel (ppress[

Ax_press_namel-(m-n)

26: end for

27: end for

28: # toolpath of rolling step

29: Ratio between roller length and frame cavity width = Fw;le*cs

30: if Ratio between roller length and frame cavity width = 1:
31: Ay rouname= {mid'}

32: if Ratio between roller length and frame cavity width > 1:
330 Ay rouname= {'rear’,'mid’,'near'}

34: for each Ay 51 name do

35: Movel (papp_'f'oll[ijolliname]7[Ay7bottom] )
36: Movel (pTOll[ijouiname]f[Ayfbottom] )

37: Movel (proll[ijouiname]f[ijop])

38: Movel (pTOll[ijouiname]f[Ayfbottom]

39: Movel (papp_‘r'oll[

Ay rollnamelI8y_pottom]
40: end for

41: set collision detection on

42: Movel to Home position

43: return T

These two algorithms simulate the H-GLPPR process and synchronize the various
operations for different insulation pieces. This setup in digital twin environment facilitates a
seamless transfer of commands from the robot simulation to the actual robot controller for

installing the insulation into the wood frame.
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3.2 Validation

The designed H-GLPPR process was validated using the parameters values selected in
Subsection 3.1.5 and summarized in Table 3.9. Tests were conducted on both mineral wool and
fiberglass batt insulations at the robot arm’s maximum linear speed of 78.7 in/s (2000 mm/s).
These tests included five trials for each insulation configuration under three distinct scenarios.
Each test used new insulation to simulate representative construction circumstances, accounting
for the fact that insulation does not retain the same stiffness and shape after being used. Prior to
the test, the simulation model and the actual robotic cell were calibrated using the reference
datums on the table. This calibration significantly improved the accuracy of the installation

process.

Table 3.9: A list of obtained parameter results

Parameter Value

Grasp location (x4) 22% from each end

Gripper closure (I,) Refer to Table 3.3

Side clearance (cy) 1 in (25.4 mm)
Top-bottom clearance (c¢p) 0.5 in (12.7 mm)

Rolling depth (d,) 0.75 in (19.1 mm)

Pressing depth (d,) 1 in (25.4 mm)

Pressing tilt angle (¢) 15°
Pressing interval (i) 10 in (254 mm)

3.2.1 Overview

The experiment involved four wood frame specimens, each 8 feet (2438 mm) in length,
featuring a total of eight cavity configurations. These frames were constructed with 2-by-4 and
2-by-6 SPF dimensional lumbers, including both 16 inches (406 mm) and 24 inches (610 mm)
on-center stud spacing. The dimensions and stud spacings represent the four most common types
of walls used in the building construction. It should be emphasized that based on the fiberglass
insulation product installation guide [65], which recommends that the fiberglass overall length be
half an inch longer than the frame cavity, this specification was applied to the last piece in each

scenario involving fiberglass batt.
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Three scenarios were designed to simulate actual configurations encountered in construction

(illustrated in Figure 3.8):

Scenario 1 (S1): A single piece of insulation filled the entire 46-1/2 inches (1181 mm)
length of the frame cavity, contacting all four sides of the wood frame. This setup provided

insights into the frictional interactions in a fully constrained wall cavity.

Scenario 2 (S2): Two pieces of insulation were used in tandem to fill a 92-5/8 inches (2353

mm) frame cavity.
S2.1: The first piece contacted three sides of the wood frame, leaving one side free.

S2.2: The second piece contacted three sides of the wood frame and the free side of the

previous piece.

Scenario 3 (S3): Similar to S2 but with an additional piece, three pieces of insulation filled a

92-5/8 inches (2353 mm) frame cavity:
S3.1: The first piece contacted three sides of the wood frame, leaving one side free.

S3.2: Then a middle piece contacted two sides of the wood frame, one side of the first piece

of insulation, with one side remaining free.

S3.3: The last piece contacted three sides of the wood frame and the free side of the middle

piece.

These scenarios provided a comprehensive coverage of the dynamic interactions and
challenges involved in the robotic installation of batt insulation, emphasizing the system’s

adaptability to various construction configurations.

Detailed specifications of these frames and insulations were listed in Table 3.10 and Table

3.11.
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Figure 3.8: Three scenarios
Table 3.10: Specification of wall frames
Cavity Lumber On-center Scenarios Insulation Size
(WxLxT) [in (mm)] [in (mm)] Stud Spacing (WxT) [in (mm)]
[in (mm)]
14-1/2 x 46-1/2 x 3-1/2 2x4 16 S1 15x3.5
(368 x 1181 x 89) (51x102) (406) (381 x 89)
14-1/2 x 92-5/8 x 3-1/2 2x4 16 S2, S3 15x3.5
(368 x 2353 x 89) (51x102) (406) (381 x 89)
22-1/2 x 46-1/2 x 3-1/2 2x4 24 S1 23x3.5
(572 x 1181 x 89) (51x102) (610) (584 x 89)
22-1/2 x 92-5/8 x 3-1/2 2x4 24 S2, S3 23x3.5
(572 x 2353 x 89) (51x102) (610) (584 x 89)
14-1/2 x 46-1/2 x 5-1/2 2x6 16 S1 15x5.5
(368 x 1181 x 140) (51x152) (406) (381 x 140)
14-1/2 x 92-5/8 x 5-1/2 2x6 16 S2, S3 15x5.5
(368 x 2353 x 140) (51x152) (406) (381 x 140)
22-1/2 x 46-1/2 x 5-1/2 2x6 24 S1 23x5.5
(572 x 1181 x 140) (51x152) (610) (584 x 140)
22-1/2 x 92-5/8 x 5-1/2 2x6 24 S2, S3 23x5.5
(572 x 2353 x 140) (51x152) (610) (584 x 140)
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Table 3.11: Insulation length for each scenario

Scenario Fiberglass Insulation Length Mineral Wool Insulation Length

[in (mm)] [in (mm)]

S1 47 (1194) 46-1/2 (1181)
S2.1 47 (1194) 47 (1194)

S2.2 46-1/8 (1172) 45-5/8 (1159)

S3.1 30-7/8 (784) 30-7/8 (784)

S3.2 30-7/8 (784) 30-7/8 (784)

S3.3 31-3/8 (797) 30-7/8 (784)

3.2.2 Results and Discussion

Table 3.12 summarizes the success rates for installing various types and sizes of batt
insulation using the H-GLPPR process. Figure 3.9 and Figure 3.10 illustrate examples of the
entire H-GLPPR process, showing the S1 experiment with 15 x 5.5-inch (381 x 140 mm)
fiberglass insulation and the S2 experiment with 15 x 3.5-inch (381 x 89 mm) mineral wool

insulation. Additional experiment figures are detailed in Appendix D.

Table 3.12: Experiment results for entire H-GLPPR process

Batt Insulation Insulation Size S1 S2 S3
Type (WxT) [in (mm)] Success Rate Success Rate Success Rate

Mineral Wool 15x3.5(381x89) 5/5 5/5 5/5
Mineral Wool 15x 5.5 (381 x 140) 5/5 5/5 5/5
Mineral Wool 23 x3.5(584 x 89) 5/5 5/5 5/5
Mineral Wool 23 x 5.5 (584 x 140) 5/5 5/5 5/5
Fiberglass 15x3.5(381x89) 5/5 5/5 5/5
Fiberglass 15x 5.5 (381 x 140) 5/5 5/5 5/5
Fiberglass 23 x3.5(584 x 89) 4/5 2/5 0/5
Fiberglass 23 x 5.5 (584 x 140) 5/5 5/5 5/5

As demonstrated, the overall success rate stands at 92.5%. All sizes of mineral wool
achieved a perfect 100% success rate across all five trials in all three scenarios, proving the

process’s robustness in handling mineral wool insulation regardless of its dimensions.
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Similarly, fiberglass insulation generally exhibited high success rates across most scenarios
and sizes, except for 23 by 3.5 inches (584 by 89 mm) fiberglass insulation. This size
encountered issues during the lifting step. The insulation often slipped from the gripper fingers,
due to its comparatively higher width-to-thickness ratio compared to other fiberglass specimens,
and reduced the rigidity compare to same sized mineral wool, making it easy to distort.
Specifically, the zero success in S3 was attributed to the shorter length compared to S1 and S2,
which led to a reduced second moment of area, impairing the insulation’s ability to resist
bending. Consequently, when using the same gripper closure value coupled with the inertial
forces during lifting, the insulation distorted more significantly and fell from the gripper fingers
more easily. To address this, we implemented two independent modifications, each proving
successful on its own. First, we adjusted the lifting linear speed from 78.7 in/s (2000 mm/s) to
9.84 in/s (250 mm/s), reducing the inertial forces and consequently the friction force required, as
shown in Figure 3.11 for the S3 experiment. Second, we elevate the insulation by 1.5 inches
(38.1 mm) from the table, positioning the insulation higher within the gripper fingers and
enhancing the ribbed texture’s effectiveness in preventing slippage. Both modifications achieved

a 100% success rate in subsequent trials.
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Figure 3.9: H-GLPPR process and compltion with 15 x 5.5-inch (381 x 140 mm) fiberglass
insulation size for Scenario 1 (Grasp Ist piece, Lift st piece, Place Ist piece, Press, Roll,
Completion)
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Figure 3.10: H-GLPPR process and completion with 15 x 3.5-inch (381 x 89 mm) mineral wool
insulation size for Scenario 2 (Grasp st piece, Lift st piece, Place Ist piece, Grasp 2nd piece,
Lift 2nd piece, Place 2nd piece, Press, Roll, Completion)
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Figure 3.11: H-GLPPR process and completion after modifying the lifting speed with 23 x 3.5-
inch (584 x 89 mm) fiberglass insulation size for Scenario 3 (Grasp 1*' piece, Lift I*' piece, Place
I* piece, Grasp 2" piece, Lift 2" piece, Place 2" piece, Grasp 3" piece, Lift 3" piece, Place 3™
piece, Press, Roll, Completion)

3.3 Chapter Conclusion

The initial design requirements, as outlined in the research objective and beginning of this

chapter, included utilizing a single robot arm and the capability to insert batt insulation
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initialized from the horizontal configuration. These criteria have been successfully met, as
evidenced by the high success rates of 92.5%. The H-GLPPR process effectively mitigates the
negative effects of deformation and uncertainties in mechanical properties, as well as avoids
complexities associated with deformable object modeling and simulation. This is achieved
through the integration of individual parameter identification into a cohesive and continuous
process. The custom-built end-effector has enabled seamless and repeatable operations,
demonstrating that deformable insulation can be manipulated during the pick-and-place
subprocess to accurately achieve high precision positioning. The pressing step crucially
facilitates the insertion of the insulations’ edges first, minimizes uncertainties, which sets more
favourable conditions for the final rolling step. The subsequent rolling ensures the insulation fits

tightly within the frame cavity, leaving no noticeable deficiencies and gap.

A notable advantage of the H-GLPPR process is its adaptability to various common
insulation sizes and wood stud dimensions without necessitating modifications to the end-
effector hardware. Furthermore, the ability to use only a single robot arm that can be directly
integrated with other prefabrication robotic processes streamline operations within the existing
wood-frame wall panel prefabrication production line. The dimensions extracted from the CAD
model feed into the algorithms outlined in Subsection 3.1.6, allowing for automatic calculation
of target points and robotic trajectories. Therefore, for prefabrication production lines already
utilizing robot arms, by only changing the end-effector, our H-GLPPR method can be employed.
This reduces investment cost and compatibility issues, enhancing the efficiency and versatility of

prefabrication automation.
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Chapter 4 : Conclusion and Future Work

4.1 Conclusion

Motivated by the growing demands for light-frame construction and the need to enhance
efficiency and worker health and safety, the integration of building prefabrication with robot
arms offers a promising solution. In wood-frame building prefabrication, processes such as
cutting and assembling rigid components like wood studs, drywall, and sheathing have already
been streamlined through robot arm solutions. Established robotic solutions also exist for spray
foam and blow-in insulation. However, spray foam insulation is more expensive compared to
other types of insulation, and blow-in insulation technique has cross-compatibility issues and
high investment costs. However, batt insulation remains the most commonly used insulation
material for wood-frame wall in Canada, but there is no automated solution for installing it. This

represents a significant gap in the field of automated building prefabrication.

The contributions of this thesis included the successful development and demonstration of
two robotic methods, V-GLITPP and H-GLPPR, using a single robot arm to install batt
insulation into typical straight wall frames. The V-GLITPP method involved picking up the
insulation in its vertical configuration and contained a sequence of six major steps: Grasp, Lift,
Insert, Tilt, Push, and Press, with accompanied parameter identification and selection. The Tilt,
Push and Press steps specifically addressed the challenges of manipulating deformable objects.
The designed end-effector utilized a two-finger parallel gripper equipped with custom-built
textured gripping fingers to enhance gripping friction, ensuring reliable handling of batt
insulation. Conversely, the H-GLPPR method picked up the insulation in its horizontal
configuration and was structured around two subprocess: pick-and-place and insertion, with
accompanied parameter identification and selection. The pick-and-place subprocess included the
steps of grasping, lifting and placing each piece of insulation, ensuring reliable transfer. The
insertion subprocess involved pressing and rolling steps where the Press step helped to properly
constrain and position the insulation within the cavity, and the Roll step inserted and smoothed
out the insulation into the frame, ensuring the uniformity of the installed insulation. The
dedicated multi-purposed end-effector consists of two robotic tools, a dual parallel gripper set
used during the pick-and-place subprocess, and a roller set for the insertion subprocess. Offline

programming, in the digital twin environment, was used to develop an automatic algorithm to
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calculate a series of target points for the entire process, which were critical for the generation of
the robotic toolpath. This fully automated the robotic installation process by just inputting the

frame dimensions and obtained process parameters values.

The V-GLITPP method achieved a high success rate of 93.3% in installing both fiberglass
and mineral wool batt insulation into a scaled wall frame, thus, demonstrating the effectiveness
and viability of robotic installation of batt insulation. The H-GLPPR was proven robust, capable
of installing both types of insulation across four common full-scale wood frame sizes with 100%
success rate. For different batt insulation manufacturers, sizes, and potentially material, the
parameter selection in this thesis may serves as a baseline for parameter tuning specific to

builders’ circumstances.

Given V-GLITPP’s advantage in handling smaller pieces of insulation and H-GLPPR’s
capacity for full-size installation, the two methods could be combined to facilitate robotic
insulation installation for more complex wall configurations. For instance, such as employing the
V-GLITPP method for insulation installation around doors, windows, and other intricate features
of the wall that generally present smaller cavities, while employing the H-GLPPR method for

larger cavities generally between full studs.

This thesis also contributes to the field of robotics in construction by providing practical
solutions to streamline the building prefabrication automation process, enhancing efficiency,
reducing labor intensity, and minimizing health risks associated with manual insulation
installation methods. Additionally, it demonstrates that manipulating deformable objects with a
robot arm, without sensor feedback, and without the need for extensive modeling and simulating

of their actual deformation is viable.
4.2 Future Work

Given the outcomes of this research, several promising directions for future work to

facilitate smoother adoption within the industrial have been identified. They are:

1. As can been seen in the Chapter 3, it has difficulty to securely grasp the 23 by 3.5 inches
(584 by 89 mm) fiberglass insulation. Therefore, it would be beneficial to increase the friction of

the gripper fingers to ensure that all types of insulations are reliably held. This adjustment aims
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to reduce slippage and improve handling precision, without compromising installation speed or

needing additional setups for grasp locations.

2. In Chapter 3, automating the movement of the grippers on the T-slot frame and the
gripper fingers on the gripping rails would eliminate the need for manual adjustments, thereby
accommodating various insulation sizes more efficiently while facilitating more autonomous

operations.

3. Incorporating computer vision could supervise the installation process by providing real-
time feedback on the installation and condition of the insulation, rejecting damaged insulation

prior to installation, and replacing the need for manual checks.

4. Including a robotic quick-change device into the end-effector to streamline integration
into prefabrication production line and facilitate fast repurposing of the robot arm to where

efforts are needed.

These enhancements would not only refine the existing capabilities but also extend the
system’s functionality, paving the way for broader industrial applications and innovations in

robotic prefabrication construction.
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Appendix A

In this appendix, it provides the fire requirement for exterior wall panel with wood
components for combustible and non-combustible constructions in National Building Code

(NBC) 2020 [67].

For combustible construction, not less than 90% of the exterior cladding on each building’s
exterior wall shall consist of non-combustible material. Otherwise, the wall assembly must
satisfy the CAN/ULC-S134 standard, which specifies that flaming on or in the wall assembly
does not spread more than 5 m above the opening and that the heat flux during the flame
exposure on the wall assembly is no more than 35 kW/m? measured at 3.5 m from the opening.
Where a building is considered to be facing a street, it has the same requirement as above.
Alternatively, a wall assembly including combustible cladding made of fire-retardant-treated
wood shall be tested for fire exposure after the cladding has been subjected to the accelerated
weathering test. If the building is not required to have a fire-resistance rating of more than 45
minutes, heavy timber construction is permitted. More specifics on the standard can be found in

NBC 2020 Section 3.1.4.

For non-combustible construction, some of the combustible components are permitted. For
example, combustible cladding on exterior walls is permitted if the building is not more than
three storeys high or is sprinklered throughout and the wall assembly satisfies the CAN/ULC-
S134 standard and the details mentioned above. For factory-assembled panels containing foamed
plastic insulation with a flame-spread rating not more than 500 is permitted to be used. If the
building is sprinklered and not more than 18 m high, measured from grade to the underside of the
roof, and does not contain Groups A, B, or C as major occupancy. More specifics on the standard

can be found in NBC 2020 Section 3.1.5.

For encapsulated mass timber construction, the minimum thickness of exterior walls in
encapsulated mass timber construction is 96 mm. Non-loadbearing wood elements permitted in
non-combustible construction exterior walls do not need to conform to this. In general, not more
than 10% of the combustible cladding is allowed on each exterior wall of each storey; up to
100% of the combustible cladding on exterior walls of the first storey; not exceed 5% of the

combustible cladding on each exterior wall of each storey where the fire department arrival time
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exceeds 10 mins. A wall assembly that includes fire-retardant-treated wood shall be tested for

fire exposure (ASTM D2898). More specifics on the standard can be found in NBC 2020,
Section 3.1.6.

The exterior wall assemblies illustrated below as Table D-6.1.1 and Notes to the Table D-
6.1.1of NBC 2020 are deemed to satisfy the criteria for the CAN/ULC-S134 standard. In the

assembly, wood studs are filled with non-combustible insulation rock or slag fiber with gypsum

sheathing and non-combustible exterior cladding or fire-retardant treated wood siding. The Wall

number EXTW-1 shown below uses a 2x4 timber frame as a structural member and fits our

project structural design concept. EXTW-1 is built with 2x4 wood studs 16 inches apart,

rockwool insulation in the stud cavities, and 12-inch fire-retardant-treated plywood siding.

Table D-6.1.1.
Construction Specifications for Exterior Wall Assemblies that Are Deemed to Satisfy the Criteria of Clause 3.1.5.5.(1)(b)
when Tested in Accordance with CAN/ULC-S134

Nuwn?llller ‘a‘t::nc;irg Absorptive Material Sheathing Cladding Design

EXTW-1 | 38 mm x 89 mm | 89 mm thick rock or - 12.7 mm thick : ' : '
wood studs slag fibre in cavities fire-retardani-treated A A A
spaced at formed by studsii# plywood siding /3! O
400 mm o.c. (1@

EXTW-2 | 38 mm x 140 mm | 140 mm thick rock or | Gypsum Noncombustible ¥ = ¥
wood studs slag fibre in cavities | sheathing exterior cladding I'?S?S?S? f 2828282 X
spaced at formed by studs®i® | = 12.7 mm thick '

400 mm o.c. (1 CG00S30A

EXTW-3 | 38 mm x 140 mm | 140 mm thick rock or | 15.9 mm thick Noncombustible = ¥
wood studs slag fibre in cavities | fire-retardant- exterior cladding S X ‘) 2 S 8 S 8 Seg ) 882 88 82 SJx 2
spaced at formed by studsi@® | treated plywoodiel : =
400 mm o.c. (1

EXTW-4 | 38 mm x 140 mm | 140 mm thick glass, | Gypsum Noncombustible
wood studs rock or slag fibre in | sheathing exterior cladding
spaced at cavities formed by | = 12.7 mm thick
600 mm o.c.01¥ | studsis)
aftached to
cross-laminated
timber (CLT)
wall panels
> 38 mm thick(®l

EXTW-5 | 89 mm horizontal | 89 mm thick rock or - Noncombustible B e e e e e e e
Z-bars spaced slag fibre in cavities exterior cladding m
at 600 mmoc. | formed by Z-barsi)ia attached to "r’ﬂ’ OSSN
attached to 19 mm vertical hat
CLT wall panels channels spaced at GCo0s34A
> 105 mm thick®! 600 mm o.c.

Notes to Table D-6.1.1.:

i) The stated stud dimensions are maximum values. Where wood studs with a smaller depth are used, the thickness of the absorptive material
in the cavities formed by the studs must be reduced accordingly.
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2)

3

L]

5)

8)

]

8)

Table D-6.1.1. (Continued)

Horizontal blocking between the vertical studs or horizontal stud plates must be installed at vertical intervals of not more than 2 324 mm, such
that the maximum clear length between the horizontal blocking or stud plates is 2 286 mm.

The absorptive material must conform to CAN'ULC-S702.1, “Standard for Mineral Fibre Thermal Insulation for Buildings, Part 1: Material
Specification

The absorptive material must have a density not less than 32 kg/ma.

The fire-retardant-ireated plywood siding must conform fo the requirements of Article 3.1.4.5. and must have been conditioned in conformance with
ASTM D2898, “Standard Practice for Accelerated Weathering of Fire-Retardant- Treated Wood for Fire Testing,” before being tested in accordance
with CAN/ULC-5102, *Standard Method of Test for Surface Burning Characteristics of Building Materials and Assemblies”

The fire-retardant-treated plywood must conform fo the requirements of Article 3.1.4.5.

Horizontal blocking between the vertical studs or horizontal stud plates must be installed at vertical intervals of not more than 2 438 mm, such
that the maximum clear length between the horizontal blocking or stud plates is 2 400 mm.

A water-resistant barrier is permitted fo be attached to the face of the CLT wall panels.

Based on the code, using the timber framing panel for exterior retrofitting is viable, but it

needs to be tested against the CAN/ULC-S134 standard if the design is outside the assemblies
listed in Table D-6.1.1.
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Appendix B

This appendix is dedicated to the design and verification of the insulation required for the
wood-frame wall panel and connection proposed by RoBIM Technology for building energy
retrofit proposes. It includes a case study of NRCan PEER Project, an overview of building code
requirements, and detailed thermal and hygrothermal analysis. These analyses are conducted
without considering cladding to focus purely on the performance of the insulation materials

within the specified wall panel configurations.

B.1 Case Study - NRCan PEER Project

We studied NRCan Prefabricated Xxterior Energy Retrofit (PEER) Project Guide [68]. As
well as we performed hand calculations for the NRCan 2x4 framed panel, 2x6 framed panel, 2x8

framed panel and I-joist-framed panel wall systems.

B.1.1 PEER Wall — 2x4 Framed Panel Wall System

In the 2x4 Framed Panel Wall System, it contains 6 layers. They are 4 2 inches backing
with blown-in cellulose insulation installed on-site, 2x4 lumber (with 24” framing spacing) with
blown-in cellulose insulation installed on-site, %2 inches OSB wall sheathing, self-adhered vapour
permeable membrane, borate-treated strapping with air cavity, and cladding. The illustration is

shown in Figure B.1.

M siTEBUILT
Il FACTORY BUILT
EXISTING
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Existing assembly (not shown)
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(w/ 24" frame spacing) + 4-1/2"

backing insulation

Figure B.1: Exploded view of partial retrofit light-framed panel components at floor line

transition

We used isothermal and parallel path methods to calculate the effective R values of 2x4, 2x6

and 2x8 framed panels based on the approximate dimensions from the above illustration. The

following tables show the results. As can be seen, with 5% deduction, a 2x4 framed panel is R-

28.5, a 2x6 framed wall is R-33, and a 2x8 framed panel is R-38.

Assembly Effective RSI (m"2K/W)

Material Thickness (mm) | RSI/mm RSI

Exterior air film 0.03
Cladding on wood strapping 0
AB/WRB 0
OSB Sheathing 12.7 0.0098 0.12
Effective 2x4 Wood stud & Insulation 1.74
Insulation 114 0.029 3.306
Effective RSI 5.20

Effective R 30

2x4 Framed Panel Effective R = 30*(1-5%) = 28.5
Assembly Effective RSI (m"2K/W)
Material Thickness (mm) | RSI/mm RSI

Exterior air film 0.03
Cladding on wood strapping 0
AB/WRB 0
OSB Sheathing 12.7 0.0098 0.12
Effective 2x6 Wood stud & Insulation 2.74
Insulation 114 0.029 3.306
Effective RSI 6.20

Effective R 35

2x6 Framed Panel Effective R = 35%(1-5%) = 33.25
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Assembly Effective RSI (m"2K/W)

Material Thickness (mm) | RSI/mm RSI

Exterior air film 0.03
Cladding on wood strapping 0
AB/WRB 0
OSB Sheathing 12.7 0.0098 0.12
Effective 2x8 Wood stud & Insulation 3.60
Insulation 114 0.029 3.306
Effective RSI 7.06

Effective R 40

2x8 Framed Panel Effective R = 40*(1-5%) = 38

Shown below is a sample calculation for the 2x4 framed panel.

1. RSIeffective
and insulation + Backing insulation

2. RSI

wood stud and insulation —

_ 100
=20 80

0.76 = 2.58

RSIparallcl =

)

100

% area of framing + % area of cavity

RSIp

=174

3. RSI =0.03+ 0+ 0+ 0.12+ 1.74+3.31 = 5.20 m?K/W

RSIc

= RSI (Exterior air film + cladding on wood stripping + AB/WRB + %" OSB sheathing + Effective 2x4 wood stud

Table A-9.36.2.4.(1)-A
Framing and Cavity ges for Typical Wood-fi
Frame Spacing, mm oc. ¥
Wood-frame Assembies 4 405 48 o0 1220
% Area | % Area | % Area | % Area | % Area | % Area | % Area | % Area | % Area | % Area
Framing | Cavity | Framing | Cavity | Framing | Cavity | Framing | Cavity | Framing| Cavity
lumber joists - - 13 @ | 15 | 85 | 10 % - -
Floors
Hoists and truss - - 9 91 75 | %25 | 6 % -
Ceilings with typical trusses - - 14 8% | 125 | &75 | 11 89 - -
ceilings with raised heel trusses| - - 10 0 | 85 | 915 | 7 %3 -
roofs with lumber rafters and _ -
Rools/ |ceifings with lumber joists B | @ |ns]8s]| ¥ | ®
Ceiings [ oofs with I
-joist rafters and _ _
dinge with pits 9 91 75 | w5 | 6 9%
roofs with structural insulated | _ _ _ _ _ _ _ _ 0 o
panels (SIPs)
typical wood-frame %5 | 755 | = 7 | a5 | 785 |20 80 - -
advanced wood-frame with _ _ _
outlo op plle® 19 8 | 175 | g5 | 16 8
Walls
SIPs - - - - - - 14 86
basement wood-frame inside
concrete foundation wall - - ® B | M5 | &5 1 & - -

NBC 2020

B.1.2 PEER Wall — I-Joist Framed Panel Wall System

In the I-Joist Framed Panel Wall System, there are seven layers which are self-adhered air
barrier, 1 %2 inches compressible mineral fiber gap fill insulation, I-joist framing (with 23 inches
framing spacing) with 8 inches stud cavity batt insulation and retaining meshing, 2 inches OSB
wall sheathing, self-adhered vapour permeable membrane, borate-treated strapping with air

cavity, and cladding. The 1 2 inches compressible insulation can accommodate the unevenness

of the existing building’s exterior wall. The illustration is shown in Figure B.2.
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Figure B.2: Exploded view of partial retrofit I-joist framed panel components at floor line
transition

We calculated the effective R value for the I-joist framed panel based on the approximate
dimension from the above illustration by using the same method as the 2x4 framed panel. The

calculations show that the panel has an effective R-35.

Assembly Effective RSI (m"2K/W)
Material Thickness (mm) | RSI/mm RSI

Exterior air film 0.03
Cladding on wood strapping 0
WRB 0
0SB Sheathing 12.7 0.0098 0.12
Effective I-Joist Wood stud & Insulation 203 5.20
Mineral Fibre Insulation 38 0.0294 1.12
Effective RSI 6.47

Effective R 37

1-3/4” x 8” I-Joist Framed Panel Effective R = 37*(1-5%) = 35
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B.1.3 Section Summary

Based on the RDH Building Science’s Thermal Modeling Report [7] for NRCan PEER
Project OCH PEER Panel, a comparison between the hand calculation and ANSYS 3D model’s
calculations for a typical wood-framed wall panel was performed, and a 3% - 7% difference for
R10 to R40 insulations was obtained. We found that, for simplified calculations, a 5% deduction
in R value to account for thermal bridging is acceptable. Therefore, for 2x4 framed panel and I-

joist-framed panel wall systems, we can apply a 5% deduction.
B.2 Building Codes

The requirements for R value in NECB 2020 for Part 3 buildings (complex buildings) are
shown in Table 3.2.2.2 [69]. For above-ground opaque building wall assembly in Edmonton, it
requires R-26.4.

Tabde 3.2.2.2.
Owverall Thermal Transmittance of Above-ground Opaque Building Assemblies
Formirg Part of Sartences-3.2.2.2.01) and (2]

Heatirg Degree-Diays of Buldmg Locstion, ™ in Calshes Degrea-Days

Zora A7 Zone 5;49 Zona i Lomg FAA Zone THE Zare #@
< 300K =300 1o 3299 4007 o £399 5300 o 5259 BOO) jo 950 = TODO

Mbave-ground
Opegue Bulding
Aoty

M'IK:I.'-.I'II Chamil 'l'l.'q.'.'r.'m_ iramiiance W l-r"~:K|
Ml 0280 0265 a0 _ 0180 0188
Foals 11E4 156 0138 0197 L0
Floan RERY 017a 0156 a1 17

R26.4
RSl 4.65

The requirements for R value in NBC 2020 for Part 9 buildings (simple buildings) are
shown in Table 9.36.2.6.-A [67]. For above-ground opaque building wall assembly in Edmonton,
it needs R-17.5 without HRV and R-17 with HRV.
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Table 9.36.2.6.-A
Effective Thermal Resistance of Above-ground Opaque Assemblies in Buildings without a Heat-Recovery Ventilator
Forming Part of Sentence 9.36.2 6.(1)

Heatng Degree-Days of Bulding Locaton, | in Celsius Degree-Days
Above-ground Opaque Building Zone 4 Zore 5 Zore 6 Zong TA Zone TB Zore 8
Assemoy < 3000 300010 3999 | 4000104996 N 5000105999 @ €000 1o 6999 2 7000
Kirimum Efiecive ThermalJRasstance (RSI (maxKyW
Ceilngs below sltics 6N 867 887 1043 1043
Cathedral calings and flat rocts 487 467 467 5.0 5.2
Walsi® 278 3.8 3.08 385 385
| Floors over unheated spacas 487 467 487 5.02 5.02
— R17.5
Table 9.36.26.-8

Effective Thermal Resistance of Above-ground Opague Assemblies in Buildings with a Heat-Recovery Ventilator
Forming Part of Sentence 9.36.26.(1)

Heating Degree-Days ol Building Locaton. ') in Calsius Degree-Days

Above-ground Opaque Building [ Zone 4 Zore 5 Zone 6 Zore 7B Zore B
Assembly < 3000 3000 103968 4000 10 4999 [ 5000 10 5999 | 6000 to €599 2 7000
, Minmum Effective Thermal Besistarce (RSI) BimadK)/W
Calings balow amcs " em | s 8.67 8.67 1043 1043
Cathedral celings and Nat rools 467 467 467 502 502 5.02
Walls= 278 297 287 308 308
Floors over urheated spaces 467 a67 467 5.02 5.02
R17

Since the highest effective thermal resistance required by the building code is R-26.4 and the
2x4 framed panel from NRCan design has R-28.5, we decided to adopt the 2x4 framed panel
concept. For Part 3 buildings in Edmonton, in order to meet the wall R value requirement, the
minimum backing for continuous insulation needs to be 104 mm if other layers are not changed.
This represents an extreme case, assuming a complete absence of insulation in the current
structure. If there is already insulation present in the existing building, it is possible to decrease

the thickness of the continuous insulation layer to meet the building code requirements.

Assembly Effective RSI (m"2K/W)
Material Thickness (mm){ RSI/mm RSI

Exterior air film 0.03
Cladding on wood strapping 0
AB/WRB 0
0SB Sheathing 12.7| 0.0098 0.12
Effective 2x4 Wood stud & Insulation 1.74
Continuous Insulation 104 0.029 3.016
Effective RSI 491

EffectiveR]  27.9|

2x4 Framed Panel Effective R =27.9%(1-5%) = 26.5
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For Part 9 buildings in Edmonton, buildings without an HRV system require a slightly larger
R value compared to buildings with an HRV system; therefore, we used the R value without an
HRYV system and got 47mm for the minimum backing of continuous insulation. Since Part 3

buildings have a higher R value requirement, we will use 104 mm continuous insulation (rigid

mineral wool) for our preliminary design.

Assembly Effective RSI[m™2W)
Matedal Thickness (mm) RS1fmm RS

Exterior air film 0.03
Cladding on wood strapping 0
AB/WRB a
0SB Sheathing 127 00008 012
Effective 2ud Wood stud & Insulation 174
Continuous Insulation 47 0.029 1363
Effective RSI 3.26

Effective R 18.5

2x4 Framed Panel Effective R = 18.5%(1-5%) =17.6

B.3 Proposed Light-frame Panel Thermal Analysis

The overall effective thermal performance of the wall panel can be calculated using clear

field thermal transmittance and thermal bridging, which can be seen from the following equation.

=Z'(¥’-L)+E(;g)+U

T ATotal n
Where:
Ur= total effective assembly thermal transmittance (Btu/hr-ft>-°F or W/m?K)
U, = clear field thermal transmittance (Btu/hr-ft2-°F or W/m?K)
Asctal = the total opaque wall area (ft? or m?)
Y= heat flow from linear thermal bridge (Btu/hr-ft °F or W/mK)
L= length of linear thermal bridge, i.e. slab width (ft or m)
Y= heat flow from point thermal bridge (Btu/hr- °F or W/K)

B.3.1 Clear Field Thermal Performance

Based on the information provided in RoBIM proposed wood-frame wall panel, the clear
field thermal performance of the primary design of the panel was estimated to be approximately

RSI-4.91 (R-27.9). However, this panel does not include gypsum board, interior air film and
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expanding foam tape between the panel joints. By incorporating these components, the resulting

effective R value will be increased to RSI-5.11 (R-29).

Panel Effective RSI (m”"2K/W)
Material Thickness (mm)| RSI/mm RSI

Exterior air film 0.03]
Cladding on wood strapping 0.00]
AB/WRB 0.00]
0SB Sheathing 12.7| 0.0098 0.12]
Effective 2x4 Wood stud & Insulation 1.74)
Gypsum board 12.7| 0.00625 0.08|
Continuous Insulation 104 0.029 3.02
Interior air film 0.12
Effective RSI 5.11)

Effective R 29.0

In this section, a comprehensive 3D ANSYS model of the wall panel, excluding cladding,
has been analyzed. The clear field R-value of the panel assembly is determined to be RSI-5.66
(R-32.1). The heat flux and temperature distribution are represented in Figure B.3.

Figure B.3: Left: 3D modeling - Heat flux output of CW; Right: 3D modeling — Temperature
output of CW

The calculation based on the isothermal plane method equations from NBC yields a more
conservative estimate of the R-value compared to the ANSYS simulation. It may be impractical
to create 3D models for all wall panels. Therefore, employing simplified hand calculations for
panels would streamline the process while still ensuring compliance with the building codes’

thermal performance requirements.
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B.3.2 Thermal Bridges

In this section, the linear and point thermal transmittance are calculated based on the

ANSYS simulation results.
Expanding Foam

The expanding foam (spray foam) is used to fill any gaps between the horizontal panel
joints. The modeling of the horizontal panel joints with only Expanding foam was conducted
using ANSYS, the results are shown in Figure B.4. The linear thermal transmittance (‘\V-value) of
the expanding foam is -0.009 W/mK. The expanding foam will provide more thermal resistance

for the entire wall assembly, thus the linear thermal transmittance is negative.

Figure B.4: Left: 3D modeling - Heat flux output of Expanding foam; Right: 3D modeling —
Temperature output of Expanding foam

Upper Bracket

The horizontal panel joint comprises two upper brackets and expanding foam (spray foam)
utilized to fill any gaps between joints. The modeling of the horizontal panel joints was
conducted using ANSYS, the corresponding results are presented in Figure B.5. Based on the
modeling outcomes, the point thermal transmittance (X-value) of each bracket is determined to
be 0.00034 W/K. Considering the limited quantity of upper brackets used in the design, the
thermal bridge created does not significantly diminish the effective thermal performance of the

panel.
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Figure B.5: Left: 3D modeling - Heat flux output of mid-level; Middle: 3D modeling —
Temperature output of mid-level; Right: 3D modeling — Temperature output of Upper Bracket

Detail view
Bottom Bracket

The bottom brackets provide support to the panel assembly, positioned beneath the first
layer of panels. Mineral wool insulation is used to cover gaps present between the bottom
brackets and the panel. In ANSYS modeling, an adiabatic boundary condition is applied to the
exploded surface of the bottom bracket, indicating that there is no heat transfer into or out of the
system. This choice is made due to the current lack of information regarding the exact location of
the bottom bracket. According to the ANSYS modeling results, as illustrated in Figure B.6, the
X-value for the bottom bracket is determined to be 0.003 W/K. Considering the limited quantity
of bottom brackets used in the design, the thermal bridge created does not significantly diminish

the effective thermal performance of the panel.
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Figure B.6: Left: 3D modeling - Heat flux output of bottom-level; Middle: 3D modeling —
Temperature output of bottom-level; Right: 3D modeling — Temperature output of Bottom
Bracket Detail view

B.3.3 Effective Thermal Performance of Proposed Panel

Considering the clear field thermal performance of the panel and the thermal bridging
values, the effective R-value of a 7ft by 10 ft panel section is RSI-5.659 (R-32.14), representing
a slight 0.02% reduction compared to the clear field panel assembly RSI-5.660 (R-32.13).

Therefore, the impact of the upper and bottom brackets on heat loss is negligible.

B.3.4 Dew Point of Proposed Panel

Assuming an interior side temperature of 21°C and a relative humidity of 50%, the dew
point is calculated to be 10.3°C. With the exterior temperature of the wall panel being -18°C,
Figure B.7 shows the dew point location in bright yellow, indicating that it occurs within the
wood frame area. In most summer conditions, the dew point also tends to occur within the wood
frame area. To prevent moisture from permeating through to the wood frame area, a vapor

barrier is positioned on the interior side of the wood frame.

Dg
=ity
[

Figure B.7: Illustration of dew point locations on the mid-level panel
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Appendix C

This appendix includes the experimental figures not presented in Subsection 2.2.2. It
features tests for V-GLITPP method, including Scenario 1 with fiberglass insulation (Figure
C.1), as well as Scenario 2.1 (Figure C.2) and Scenario 2.2 (Figure C.3) with mineral wool
insulation. Each figure contains eight pictures representing the V-GLITPP method steps: Grasp,

Lift, Insert, Tilt, Push and Press, as well as front and back completion views.
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Appendix D

This appendix includes the experimental figures not presented in Subsection 3.2.2, featuring
the H-GLPPR method. It covers tests with fiberglass and mineral wool insulation in various sizes

and scenarios:

e 15 x 3.5-inch (381 x 89 mm): Fiberglass (Scenario 1, Figure D.1; Scenario 2, Figure D.2;

Scenario 3, Figure D.3); Mineral wool (Scenario 1, Figure D.4; Scenario 3, Figure D.5)

e 23 x 3.5-inch (584 x 89 mm): Fiberglass (Scenario 1, Figure D.6; Scenario 2, Figure D.7);

Mineral wool (Scenario 1, Figure D.8; Scenario 2, Figure D.9; Scenario 3, Figure D.10)

e 15x 5.5-inch (381 x 140 mm) Fiberglass (Scenario 2, Figure D.11; Scenario 3, Figure D.12);
Mineral wool (Scenario 1, Figure D.13; Scenario 2, Figure D.14; Scenario 3, Figure D.15)

e 23 x 5.5-inch (584 x 140 mm) Fiberglass (Scenario 1, Figure D.16; Scenario 2, Figure D.17;
Scenario 3, Figure D.18); Mineral wool (Scenario 1, Figure D.19; Scenario 2, Figure D.20;
Scenario 3, Figure D.21)

The picture sequences for each scenario follow the H-GLPPR method steps: Grasp, Lift, Place,

Press, and Roll. The specific sequences are:
e Scenario 1: Grasp 1st piece, Lift 1st piece, Place 1st piece, Press, Roll, Completion.

e Scenario 2: Grasp 1st piece, Lift 1st piece, Place Ist piece, Grasp 2nd piece, Lift 2nd piece,

Place 2nd piece, Press, Roll, Completion.

e Scenario 3: Grasp 1% piece, Lift 1 piece, Place 1% piece, Grasp 2" piece, Lift 2" piece,

Place 2" piece, Grasp 3" piece, Lift 3™ piece, Place 3" piece, Press, Roll, Completion.
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Figure D.1: H-GLPPR process for Scenario 1 with 15 x 3.5-inch (381 x 89 mm) fiberglass
insulation
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Figure D.2: H-GLPPR proces for Scenario 2 with 15 x 3.5-inch (381 x 89 mm) fiberglass
insulation
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Figure D.3: H-GLPPR prééess for Scenario 3 with 15 x 3.5-inch (381 x 89 m;1) fiberglass

insulation

Figure D.4: H-GLPPR proces& for Scenario 1 with 15 x 3.5-inch (381 x 89 n;m) mineral wool
insulation
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Figure D.5: H-GLPPR proces for Scenario 3 with 15 x 3.5-inch (381 x 89 m) mineral wool
insulation

Figure D.6: H-GLPPR process for Scenario 1 with 23 x 3.5-inch (584 x 89 mm) fiberglass
insulation
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Figure D.7: H-GLPPR process for Scenario 2 with 23 x 3.5-inch (584 x 89 mm) fiberglass
insulation

Figure D.§: H—GLPProcess for Scenario 1 with 23 x 3.5-inch (84 x 89 mm) mineral wool
insulation
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Figure D.9: H-GLPPR process for Scenario 2 with 23 x 3.5-inch (584 x 89 mm) mineral wool
insulation
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F igur D.10: H-GLPPR process for Scenario 3 with 23 x 3.5-inch (54 x 89 m) mineral wool
insulation
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Figure D.11: H-GLPPR process for Scenario 2 with 15 x 5.5-inch (381 x 140 mm) fiberglass
insulation
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Figure D.12: H-GLPPR process for Scenario 3 with 15 x 5.5-inch (381 x 140 mm) fiberglass
insulation
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Figure D.14: H-GLPPR process for Scenario 2 with 15 x 5.5-inch (381 ;c 140 mm) mineral wool
insulation
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Figure D.15: H-GLPPR pi;éces.é for Scenario 3 with 15
insulation
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Figure D.16: H-GLPPR process for Scenario 1 with 23 x 5.5-inch (584 x 140 mm) fiberglass

insulation

103



104



Figure D.17: H-GLPPR process for Scenario 2 with 23 x 5.5-inch (584 x 140 mm) fiberglass
insulation
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Figure D I 8: H- GLPPR process for Scenario 3 with 23 x 5.5-inch (584 x 140 mm) fiberglass
insulation
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Figure D.19: H-GLPPR process for Scenario 1 with 23 x 5.5-inch (584 x 140 mm)
insulation
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Figure D.20: H-GLPPR process for Scenario 2 wit‘.23 X 5.5-inch (584 x 140 mm) mineral wool
insulation
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Figure D.21: H-GLPPR process for Scenario 3 with 23 x 5.5-inch (584 x 140 mm) fiberglass
insulation
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