Chapter 1

Introduction

Satyandra K. Gupta, Venkat Krovi, and Craig Schlenoff

Manufacturing is the staged transformation of raw materials into finished goods (using
human-labor, machines, tools, mechanical, chemical or biological processing) on a large
scale. The production line represents a key innovation of the industrial revolution and
rapidly gained popularity as the principal mass-manufacturing modality of the 20%
Century. Robotics and automation technologies are critical to production lines in
various manufacturing industries by virtue of their ability to dramatically increase
precision, relieve boredom, and increase throughput and productivity.

Worthy of note, manufacturing operations are increasingly becoming lean with just-
in-time supply-chain and logistics operations in order to keep them economically
feasible. Autonomous transportation for “last-mile logistics” — to-and-from the
loading-dock, to local-inventory-holds, to the production-line — promises
revolutionary improvements in speed, efficiency, safety and reliability.

Success and productivity depend upon synchronized orchestration of humans and
automation which can occur at various spatio-temporal scales. There is a significant
need for movement of people and materials between multiple physical locations -
with enormous value unlocked by overcoming the high-cost and inflexible fixed-
automation (conveyor-belts etc.) and the engendered implicit lock-in.

The recent megatrends of reshoring of U.S. manufacturing and securing the supply
chain, coupled with the shortage of skilled labor, have created a renewed interest in
automating the dull-dumb-dirty-dangerous tasks while retaining flexibility to adjust.
While monolithic fenced robots or even robotized production lines may have helped
kick off the process, the 4th Industrial Revolution (networked cyber-physical robotic
systems) has supercharged the diversity of opportunities, implementations and
realized value.


https://en.wikipedia.org/wiki/Raw_material
https://en.wikipedia.org/wiki/Finished_good
https://en.wikipedia.org/wiki/Machine
https://en.wikipedia.org/wiki/Tool

2 Recent Advances in Industrial Robotics

Current megatrends in the manufacturing arena include “mass production while
permitting customization in lot sizes of one,” “digitalization to gain digitally-enabled
insight into a traditionally opaque analog world,” “cloud-manufacturing systems,”
“scaling up the production of intelligent systems.” Even when workers are
affordable, the next generation of miniaturized, complex products with short life-
cycles requires assembly adaptability, precision, and reliability beyond the skills of
human workers.

Advances in automation have provided for sustained productivity increases and
manufacturing growth over the past decade. Sustaining this growth will require
automation to become more flexible, enabling the automation of tasks that require a
high degree of human dexterity and the ability to react to unforeseen circumstances.
Applying robots is a promising approach, but their traditional program-by-teaching
model takes considerable time, requires extensive expertise, and does not lend itself
to tasks that require adaptability. This has limited robots to high-volume, repetitive
operations. Historically, industrial robot use was limited to mass production
applications in automotive and electronics applications. In these applications, robots
are placed in carefully designed cells and robots repeat preprogrammed motions.
Often, a very limited number of simple sensors are integrated in robotic cells.
Humans cannot enter the robotic cells while the cell is in operation. Robotic cells in
traditional applications also utilize custom-designed fixtures and tools. These
methods increase the upfront cost of a robotic system and they can only be useful in
mass production applications.

Another way to describe this is that robots are not considered agile. But, in order for
them to be useful to small manufacturers and to also allow larger manufacturers to
maintain automation while offering more customization of high-volume parts, agility
is a requirement. Humans are generally agile, but there is a lot that goes into
allowing them to be so. They need to 1) understand what they are capable of doing
(e.g., how much they can lift, how far they can reach), 2) understand characteristics
of objects in the environment (e.g., how much the object weighs, where the object
can be grasped, what function the object can provide), 3) be able to reason over
information (e.g., that an object is too heavy to lift, but they can push it to the correct
location), and 4) be able to develop a plan, often on the fly, with respect to how they
can use this information to accomplish their goal (e.g., move a part from the parts bin
to the work area). Robots must be programmed to have these same capabilities.
Robots have been precluded from low-volume, time-critical, and flexible projects.
Off-line programming of robots is possible, similar to the computer-aided
manufacturing (CAM) method widely used for machine tools. However, the poor
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accuracy of robots compared with machine tools limits them to jobs with low
tolerance requirements, or requires additional methods such as calibration, modeling,
and external sensing to improve their accuracy.

Over the past decades, fixed-infrastructure deployments (robots in cages) have made
way for emerging classes of robots (e.g., mobile manipulators) and human-robot
collaboration in shared spaces. The modern production floor now offers an
interesting sandbox to examine: alternate methods of realizing production (flexible
automation) coupled with alternate provisioning of ancillary support between fixed
(production-line), flexible (mobile robotic agents), and built infrastructure (WIFIL,
localization beacons).

Industrial robotics grew in deployments, building upon a general-purpose
manipulator capable of being reprogrammed flexibly for multiple tasks. While the
former aspect is well-exercised, current deployments do not fully exploit the latter
aspect, reprogrammability (due to a variety of reasons including complexity).
Growth in use of collaborative robots (designed to work together with humans) has
been stymied by the lack-of-awareness, change-management and lack of effective
technology use-case performance or business ROI evaluations.

However, advances and cost reduction in sensing technologies (especially laser
scanning) have brought robot systems into the price range of even small-to-medium
enterprises. In addition, the use of end-of-arm-tooling (EOAT) has given integrators
the ability to provide faster turnaround time and utilize the same infrastructure in a
high-mix, low-volume environment.

The robotic systems of tomorrow must be capable and flexible. These systems need
the capacity to perform their duties at least as well as their human counterparts, be
quickly re-tasked to other operations, and cope with a wide variety of unexpected
environmental and operational changes. To be successful at these metrics, these
systems need to incorporate domain expertise, knowledge of their own skills and
limitations, and both semantic and geometric information.

Hence, there is both considerable excitement and trepidation about the latent
potential of next-generation robotics (which will enable shorter production runs,
smaller factories, and higher productivity) to transform production systems and to
power growth around the world. Artificial intelligence (Al) enhanced robotics (e.g.,
with better machine vision) with other technological advances (better
sensors/compute/actuation), promises to see significantly-improved pricing and
performance over the next decade.
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New advances in the field of robotics are opening new applications for robots in
manufacturing. The following is a list of notable developments in the field of
robotics:

e 3D Vision: Affordable 3D vision sensors enable robots to build internal
models of the workspace. Parts in the robot can be scanned and obstacles can
be detected. This enables robots to generate and update trajectories in real
time and avoid obstacles. This capability enables robots to handle multiple
different types of parts in the cell without requiring manual programming.

o Force Sensing: Integration of force sensors on robots enables them to handle
uncertainty in the workspace. Cells with force sensors can be used to reduce
position uncertainty to prevent damage to parts and tools and also be used to
ensure process quality in applications such as robotic sanding.

o Artificial Intelligence: Recent advances in Al can be used to automatically
generate robot instructions from high-level task descriptions. This also
enables robots to handle complex workspaces with static and dynamic
obstacles.

o Knowledge Representation — New and improved ways of formally
representing knowledge are allowing robots to reason over the information
and infer additional information that is not explicit. This helps enable areas
such a dynamic replanning and error detection and recovery.

o Deep Learning for Object Recognition: The use of deep learning is
enabling robots to identify objects in the cell and interact with them in
meaningful ways. For example, recent work shows that deep learning can be
used to enable robots to grasp previously unseen objects.

e New Control Strategies: Traditionally, position and velocity control has
been used to follow programmed trajectories for robots. Impedance control
and visual servo are emerging as useful control strategies for robots to
exhibit intelligent behaviors. Visual servoing allows robots to align parts
based on features without relying on customized fixtures. Impedance control
enables robots to manipulate compliant and flexible parts.

e New Gripper Technologies: Several new grasping technologies have
emerged that range from grippers based on jamming to gecko-inspired
adhesives. This is enabling robots to pick up complex and delicate parts.

e Collaborative Robots: The advent of human-safe robots is enabling robots
and humans to work in close physical proximity. This is enabling use of
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robots on applications where human and robot collaboration is needed.
Human and robots can work on different aspects of tasks in a shared
workspace. For example, humans can perform the intricate assembly, while
robots bring bulky parts to the cell. Human and robot can also physically
collaborate on a task. For example, robots can hold a heavy part in place
while a human operator performs the fastening task.

e Mobile Manipulation: Mobile manipulators combine a mobile base with a
manipulator. They enable robots to manipulate and transport parts. This
enables robots to be utilized on material handling and machine tending
applications.

e Augmented-Reality Based Robot Programming: Augmented reality
interfaces allow human operators to program robots using gestures. Planned
robot motion can be first seen on the virtual models before they are executed
on the physical robots.

e Robot Operating System (ROS): The advent of ROS has significantly
simplified the software integration. A number of libraries are available
within the ROS framework for performing basic functions such as motion
planning and Simultaneous Localization and Mapping (SLAM). A new
application can be built by selecting the appropriate libraries and using ROS
framework to integrate them.

Traditionally, robots have been popular in applications such as welding, painting,
assembly, and material handling. The above described advances are creating
opportunities for deploying robots in new applications such as:

e Bin Picking: In many manufacturing operations, parts arrive randomly
oriented in a container. This application requires picking up parts presented
in a random orientation in a container. The container can contain only one
type of part or multiple different types of parts. This technology is emerging
as an alternative to bowl feeders.

e Kitting: This application requires placing the desired parts on a kit tray or
pallet so that the assembly station can have the parts ready for the assembly
operation.

e Machine Tending: Manufacturing operations require parts to be placed or
removed from the machine and transported to other locations. Mobile
manipulators can be used for machine tending.
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Composite Fabrication: Composites are increasingly used in high-value
parts, but their layout is often time-consuming and repetitive. Robots are
being used to manipulate composite fibers, tapes, and sheets during
composite fabrication.

Additive Manufacturing: Robots offer additional degrees of freedom
compared to traditional additive manufacturing machines. Performing
additive manufacturing with robots enables use of non-planar layers, which
can be used to create parts with improved mechanical properties and
improved surface finish.

Inspection: Inspecting a complex part requires moving a sensor around the
part to image the part from many different viewing directions. Sensors are
being mounted on robots to automate this process.

Assembly of Compliant Parts: Robots are starting to show considerable
dexterity to assembly compliant parts. Examples include wire-harness
assembly.

Material Handling in Textile Fabrication: Textile fabrication requires
positioning the material into machines. Textiles are highly flexible material.
Robots are being considered as an option for performing material handling in
this application as they improve their ability to handle compliant parts.
Drilling: Many aerospace applications require drilling of a large number of
holes in multiple orientations and locations. Robots are emerging as an
attractive solution for drilling holes on large structures.

Sanding: Many ceramic and composite parts require sanding operations
before painting. Robots are being trained to perform accurate and repeatable
sanding operations to offload the repetitive strain that could be imposed on
humans performing the same task.

Grinding: Many metal parts require grinding to improve surface finish. This
application requires monitoring of force and surface quality. Robots are
being considered for both edge chamfering and surface grinding.
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