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Robotic Manipulation with a Human in the Loop

Sebastian Schweigert, Sunil Srinivasan, Jiewen Sun, Jimmy Su, Mark Jouppi

Final Capstone Report — Common Section

1 PROBLEM STATEMENT

We live in an age of increasing automation, but while we have machines that can open a
can, pour a glass of water, or assemble a piece of furniture, the world does not have a machine
that is versatile enough to do all of these tasks.

Normally, when people think of automation, they think of robots designed to accomplish
a very specific task, such as lifting a car-door into a car-frame, over and over again. The newer
generation of robots though is the class of general-purpose robots. While such robots have yet to
materialize commercially, general-purpose is a great concept. Imagine if families could have a
robotic assistant to take care of household tasks or run daily errands. In short, human life would
be much more convenient and efficient.

Unfortunately, a major limitation towards reaching such a milestone is the engineering
trade-off between cost and performance: with a limited budget of resources, it is almost
impossible to add additional levels of complexity without decreasing performance. As such, it
has traditionally been challenging to use robots that are both low-cost and versatile in domestic
environments because the applications of these robots are limited by their low performance -
specifically, their inaccuracy. This is where we decided that the human should come in.

To address this barrier of limited resources, our capstone team has developed a system
that is designed around robot-human interaction, where human instructors train and work with

cost-effective robots to accomplish a broad range of tasks with high accuracy. Using a set of
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algorithms that we have developed, the robot learns how to perform a task from a human who
teaches it through a series of demonstrations. Following this learning process, the robot evaluates
the task and identifies the precision requirements using a mathematical model. And when the
robot detects that it is unable to achieve the accuracy required for a certain portion of the task, it
requests human assistance. The final outcome is a system that excels across a vast range of
duties, due to the combination of both the efficiency of robots working on a large-scale and the
precision of humans working on a small-scale.

This revolutionary design of cooperation between man and machine succeeds at tasks that
are otherwise impossible for the machine to accomplish alone. In essence, we added in the
human as an additional resource to improve the overall performance of the system. This was the
rationale behind our capstone project, for we saw an opportunity here to make an enormous
technical stride in society’s current usage of commercial robots: we took an otherwise
unimpressive commodity — the low-cost and inaccurate robot — and engineered commercial value

from it in the form of robotic adaptability.

2 INDUSTRY AND MARKET TRENDS

Before examining any technical details though, we first wanted to scope out the business
potential of our project. Consequently, in an attempt to analyze our strategic position in the
market, we evaluated the competitive forces outlined by Porter (Porter, 2008) because we felt
that an in-depth analysis of the intensity of these forces will influence our marketing strategies.
In other words, analyzing these five forces enabled us to have a better understanding of our
industry and shaped our strategies to sustain long-term profitability. Before we begin our

analysis however, let us first clearly define both our market and our product.
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2.1 Market and Product

We defined our market to be consumer households with the intent that our algorithms
accomplish household tasks, such as assembling furniture. We chose to target the elderly and the
disabled as buyers of our product because this is a large, growing population with critical and
largely unmet needs. Simply put, the elderly population in the United States is growing. While
the current number of senior citizens in the US is roughly 40 million, that number is expected to
grow to over 80 million by 2050 (Ortman et al., 2014). Additionally, according to US 2010
census data, about 30%, 38%, and 56% of the population aged 70 to 74, 75 to 79, and 80 or over,
respectively, live with severe disabilities (Brault, 2012). To further narrow our market though,
we chose to focus specifically on affluent elderly-and-disabled individuals as our target
customers. This is a reasonable objective because many elderly people have amassed a wealth
savings and investments cultivated over their lifetimes. Indeed, according to a Pew Research
study, the median net worth of senior citizens in the US is $170,000, which is 47 times greater
than that of people aged 35 and younger (Censky, 2011).

The definition of our product is a more complex matter because, at its core, our capstone
project involved the research and development of an algorithm that allows a robot to learn a task
and cooperate with a human to perform that task; it is not a complete software — or hardware —
solution. Unfortunately, while software solutions usually have commercialization potential,
algorithms alone do not. In order to take our robot-learning algorithm and relate it to a
commercial application, we had to decide what form that application should take and how to take
such a product to market. One option was to simply license out our algorithm for others to
utilize; we would receive royalties as a result of these sold licenses, and companies could make

products or provide services using our algorithm. One major caveat, though, is that our algorithm
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incorporates ideas presented in externally-published research, so the intellectual property for this
method may not lie entirely with us. We therefore chose not to investigate this option any
further. Our next option to consider was to sell a software solution for users to install on devices
that they already own. However, the “device” in this case would be a full-fledged robot, where,
as a point of reference, a Baxter robot from Rethink Robotics — our current hardware-platform of
choice — has a set price of approximately $35,000 (Rethink Robotics, 2015). Clearly, it would be
ludicrous for people to purchase such costly technology without ensuring that it already comes
with the necessary software to function. This left us with our final choice: a “full package”, in
which we offer a robotic apparatus preloaded and set up with our software such that a consumer
only needs to buy one product, with installation services if necessary. This way, we can market
our product directly to our target consumers and eliminate the customer’s barrier-to-purchase
that comes from setting up the technology. Thus, we decided on this “full package” as the form
for our product: a physical robot bundled with software algorithms that we implement.

We must consider several factors with the decision to market this “full package”. The
first is price, and this is largely influenced by the suppliers since we must obtain the proper
robotic hardware or components externally. After all, according to an IBISWorld report, the cost
of mechanical manufacturing is increasing as the expenditure of raw materials increases, so we
opt to purchase a whole robot setup instead of building our own robot from basic components
(Crompton, 2014:25). As a result, we would look to Rethink Robotics as a supplier of our Baxter
robot, a hardware platform. With a markup from our software and services, selling our product at
around $40,000, or at about a 15% markup, is not an unreasonable price point — especially if we
were to get an Original Equipment Manufacturer (OEM) discount for Baxter. This provides us

with a defined pricing model.
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Lastly, we must discuss promotion and place/distribution. As O’Donnell points out, 50%
of seniors are not using the internet, so marketing is better achieved through conventional
channels such as mail, television, and newspapers (O’Donnell, 2015). Interestingly, O’Donnell
also predicts an increased use of social media by seniors in 2020, making social-media
campaigns a possibility in the near future (O’Donnell, 2015). Distribution of this product,
however, is complicated; while we would like to be able to sell our product online, providing
setup services would require a trained professional to be present. As such, we will most likely
have to either distribute through local partners that provide such services or create a local
presence ourselves, incurring additional costs. With our product, price, promotion, and place
now defined, we have all the significant facets of a commercialization strategy. Note that we do
not analyze the minimum viable product (MVP) in detail. This is because our research
specifically investigates the Baxter robot’s ability to learn the task of assembling a coffee table,
at which point we will have a decent MVP that performs table assembly. Thus, we have

established a viable (if hypothetical) commercialization strategy for our research efforts.

2.2 Competitive Forces Analysis

2.2.1 Power of Buyers

With the market and product definition out of the way, we can begin to evaluate Porter’s
five forces, the first of which is the power of buyers (Porter, 2008). We deduce this force to be
relatively weak, since the large population of potential buyers means that individual buyers do
not have much leverage or bargaining power with us in our product offering. Moreover, as we
will address later on, there are few — if any — direct rivals in our industry. Thus, a scarcity of

competing products only elevates our power, as options are limited for the buyer. Furthermore,
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the switching costs for complex, robotic solutions would be high; given that the price of these
robots with our software would be roughly $40,000, it is not an expense to be made frequently.
We imagine that a typical customer will only purchase one such robotic system in their life.
Thus, it is not of great concern that customers would switch to using a competitor’s domestic
robot solution after purchasing our product. All in all, the power of buyers is assessed to be fairly

weak, and we do not concern ourselves in mitigating this force.

2.2.2 Power of Competitors

Regarding rivalry within our industry, there are two main classifications of competitors:
robotics companies and robotics research institutions. Some of these competitors offer products
that are mildly similar to our envisioned product, and they also target similar markets. For
example, Clearpath Robotics, a robotics company (Hoover’s, Inc. “Clearpath Robotics Inc.,”
n.d.), offers support to the PR2 robot to perform household chores like fetching food from the
refrigerator and cooking it. Alternatively, there are research institutions like the Information and
Robot Technology Research Initiative (IRT) at the University of Tokyo working on developing
software that allows the AR robot to accomplish household assignments such as cleaning floors,
washing laundry, and so on. Fortunately, companies and research institutions like these will only
indirectly compete with us because our product differs from theirs in the extent that humans are
involved. The robotic systems these competitors are developing are meant to be fully
autonomous — the robots execute their tasks independent of any human interaction — while our
system is meant to be semi-autonomous, enabling a human to both work with and teach a robot
to perform various tasks. This is an advantageously superior method because now the scope of
the system is not limited to what the robot can accomplish independently; the scope is broadened

to what the robot and human can accomplish together synergistically. Simply put, the generality
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of our method enhances a robot’s utility and flexibility. Apart from offering a unique product
though, we also have some advantages over our competitors in terms of hardware costs. To
illustrate, a two-arm PR2 robot is priced around $400,000 (Owano, 2011) while a Baxter robot,
as mentioned previously, is priced around only $35,000 (Rethink Robotics, 2015), a relatively
far-cheaper option. To summarize, since we are working in a fairly new field, there are no true
established rivals in this specific area yet. Thus, we can conclude that the force of competitors is

weak.

2.2.3 Power of Substitutes

Moving onto the next force listed by Porter, we realize that significant attention needs to
be given to the force of substitutes since there are, broadly speaking, quite a number of
substitutes to our product. For instance, alternative technologies, like the iRobot Roomba
(Biesada, n.d.) — a popular floor cleaning robot, have existed in the consumer market for many
years, and these established technologies have a large customer base. Customers are more
comfortable with familiar products, so it will not be easy to encourage customers to migrate to a
substitute product. Moreover, if we look past the technological substitutes, there are a variety of
human-labor alternatives in regards to accomplishing household tasks, such as employing a live-
in caretaker or residing in a nursing home. However, similar to our stance against the competitor
force, we again have some advantages due to our functionality and low cost. Addressing the
concern of alternative technologies, even though products like the iRobot Roomba are popular
and functional, they tend to have a limited set of features, such as floor cleaning. Our product, on
the other hand, is a more general solution which can be used to tackle a variety of household
chores. Along that same line, for many tasks in this set, our robot can be more efficient than a

human caretaker due to its autonomous nature. Furthermore, as mentioned previously, our
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pricing model markets our product at a cost of about $40,000 with an extensive lifespan, while
most nursing homes cost up to $80,000 — and that is per year (Ellis, 2013). All of these
arguments make our product competitive to existing substitutes, motivating us to divert attention

from this force and concentrate on more pressing ones.

2.2.4 Power of New Entrants

In contrast to the mild nature of the forces mentioned previously, new-entrant
competition looming over the horizon should be of great concern. For instance, some of the
heavy-hitters in robotic research include companies like Clearpath Robotics (McMillan, 2015)
and 3D Robotics (Bi, 2015), both of which were founded only six years ago in 2009. It seems
that, unlike the issue of existing rivals and possible substitutes, there is indeed a strong force in
regards to new entrants. To further illustrate this fact, large corporations with broader goals in
the technological field can certainly seep into our industry, such as Amazon with its Amazon
Prime Air drones or Google with its autonomous cars. Big players such as these would certainly
have the resources to quickly create a new division within their company and fund research in
alternative robotic avenues. Furthermore, even our suppliers can be considered possible new
entrants, since they both already posses their own hardware and can additionally reverse-
engineer our software algorithm that was, in large-part, acquired from public research papers. All
in all, to summarize, we see that dangerous incoming players in this industry are: either startups
or big companies with other additional focuses, or suppliers that provide our hardware. When
combined with the fact that there are no true established rivals yet as mentioned previously, this
danger reinforces both the notion that robotics is a relatively new field and that the threat of new

entrants is high.
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2.2.5 Power of Suppliers

The last of Porter’s five forces to address is the threat of suppliers (Porter, 2008). This
threat is a complex point that requires careful analysis in our business strategy. To first clarify,
we envision robotic-hardware-platform manufacturers as our suppliers. As per our product
description, we would take the robotic hardware platforms from companies like Rethink
Robotics and Universal Robotics, customize the robots with our specialized software that gives
them practical intelligence to work alongside humans, and then sell them to customers. In
particular, we would purchase from companies that produce innovative, low-cost robotic
hardware platforms upon which we can then build our solution. Our smart software would make
up for the inaccuracies in the cheaper hardware with better algorithms and human-in-the-loop
collaboration. Since there are currently only a few firms producing such low-cost platforms,
these few suppliers have high bargaining power, as we are left with fewer alternate firms from

which to choose.

2.3 Market Strategy

We see that presently, of Porter’s five forces, both new entrants and existing suppliers
hold the most power (Porter, 2008). Knowing this, we can establish our market strategy to
mitigate these two forces, strategically positioning ourselves in a superior situation.

To mitigate the threat of new entrants from the suppliers themselves (see Section 2.2.4),
we can generalize our software to work across multiple platforms and disincentivize suppliers to
enter the market, as they would only be encouraged to produce software across their own single
platform. Additionally, to discourage new and small startups from forming, we can both establish

strong relationships with suppliers to gain a leg up on others looking to pursue our method of
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utilizing existing hardware and maintain a high fixed cost — such as a high R&D cost by
developing more proprietary algorithms — to deter incomers that have a small amount of seed
funding. Finally, we can address the threat of entry from large corporations by realizing that
these companies have more overarching goals, so focus on their robotics branch will not be as
heavy as on their other branches. As such, we can capture a niche market to detour focus and
attention away from us. Fortunately, we have already positioned ourselves in such a situation, in
which we target a niche group of customers — the elderly and the disabled. As a result, we see
that our competitive landscape as it applies to new entrants can be classified as quite aggressive,
but there are indeed routes we can take to dodge much of this aggression.

To mitigate the issue of being locked into a single supplier (see Section 2.2.5), the core
strategy is still to generalize our software. This would considerably increase our power, since we
would no longer be dependent on any one supplier. Note that as a trend, robotics startups are
becoming increasingly common (Tobe, 2013), and we thus anticipate more suppliers coming into
the market in the future. As of right now though, suppliers are a strong force that must be

considered carefully in our strategy, and we must route efforts to ease this force.

2.4 Market Trends

With an evaluation of competitive forces complete, we end with a discussion of the major
trends that influence our project strategy. Aside from the trends of both the changing age
demographic of the US — affecting the power of both buyers and substitutes — and the increased
interest in the robotic industry — affecting the power of both substitutes and new entrants, another
trend to consider is the recent advancement in integrated circuit (1C) technology that has resulted

in improved computing performance and reduced cost, resulting in reduced barriers-to-entry and
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thus further enhancing the threat of new entrants. IC technology has seen consistent
improvements in computing power and consistent reductions in cost since their inception. Our
industry is directly affected by these advancements; in recent years, more powerful
computational devices have generated more robotic technology in the household arena, for
engineers are allowed to easily incorporate computing power into the chassis of the robot. This
design contrasts with industrial robots, where the computational power is often located in an
external computer. The trend is summarized with a concept known as Moore’s law, stating that
the computational power of the average IC doubles nearly every two years. This trend has been
relatively consistent since the early history of ICs. However, there is disagreement among
analysts about how much longer this trend will continue (Hoover’s, Inc. “Home Health Care
Services.,” n.d.). The trend has the effect of making our products more functionally efficient and
versatile, which reduces the power of substitutes. However, the lower cost of computing
technology also reduces the barriers-to-entry in the industry, which increases the power of rivals.
Only time will reveal the overall impact that this trend will have.

To summarize, from our strategy analysis, we have deduced that while some competitive
forces are certainly in our favor, a few forces bring cause-for-concern and need to be addressed.
With adequate industry analysis, we can plan our strategy in order to leverage ourselves into a
better position within the market. Summarizing our findings, we have identified within the
market both the power of new entrants and the power of suppliers to be strong forces.
Consequently, to dampen these threats, we would generalize our software to work across
multiple platforms, disincentivizing suppliers from entering the market as well as taking away

supplier bargaining power. We would also encourage people to use our product instead of
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substitutes by having features and functionality that other products do not, at a price point that is

not prohibitively expensive.

3 1P STRATEGY

Aside from a business standpoint though, we must also consider which legal avenues to
take in order to protect our intellectual property (IP): in particular, whether or not our idea is
patentable. After all, in many research scenarios such as ours, a patent is the most feasible way to
safeguard any IP that is developed. Unfortunately, as this section will argue, patenting our work
may not be the most practical path to pursue; however, we do have an alternative strategy better
suited to our purposes, in the form of copyright.

We feel that in our more specific situation, the costs of attempting to obtain and enforce a
patent far outweigh the benefits, for a number of reasons. One consideration is that the
mathematics behind the algorithms we employ are pulled from published research papers,
particularly those that deal with robot learning-by-demonstration (Billard et al., 2008).
Therefore, the proprietary essence of such research is not ours to claim. By the same token, we
cannot patent the ROS (Robot Operating System) software platform upon which we develop
because it is open-source and thus, once again, publically available. Most importantly, we do not
feel that it is pragmatic to patent the software code itself. This is because software, at its core, is
the manifestation of logical deductions, and another group or individual may take a different
route of logical deductions to arrive at the same conclusion. Following this train of thought, it is

ordinarily quite difficult to obtain and/or protect a patent when the end result can be reached in
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various ways. As explained by Anthony Klein, an IP attorney at Latham & Watkins LLP, pure
software patents remain controversial since “what would constitute patentable subject matter is
unclear” (Klein, 2015).

Before investigating an alternative means at protecting our ideas however, it is important
that we have the foresight to research whether existing patents overlap with our results. We
discovered that the closest patent to our project is entitled: “Method and system for training a
robot using human-assisted task demonstration” (Bajaras, 2014). It describes a system for
humans to train robots for pick-and-place tasks by moving the robot’s arm while recording
trajectory-and-perception data through the robot’s sensory systems. At first glance, it may appear
that our project directly infringes upon this patent. However, after delving into the details, this is
not the case due to the limited scope of this patent. To give some background on the nature of
patents, a patent consists of independent claims and dependent claims; if one does not violate the
independent claims, then by definition, one does not violate the dependent claims (Brown &
Michaels, PC 2006). Now, many of our project’s similarities with this patent lie in the dependent
claims. However, if we can argue that our capstone project does not infringe upon any of the
independent claims, then we can legally claim that we do not infringe upon the dependent claims
as well — and thus the patent as a whole.

There are two independent claims mentioned in this patent. To quote the first independent

claim (claim 1):

A method for training a robot to execute a robotic task in a work environment, the
method comprising: moving the robot across its configuration space ... assigning, via the

ECU, virtual deictic markers to the detected perceptual features (Bajaras, 2014).
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We argue that we do not infringe this claim because our project does not use “virtual deictic
markers” — markers are based on a representational paradigm that use “selective attention and
pointers ... to learn and reason about rich complex environments” (Ravindran, 2007). As for the

second independent patent claim (claim 2):

The method of claim 1, wherein moving the robot across its configuration space includes
moving at least one of a robot arm and a robot manipulator attached to the robot arm

(Bajaras, 2014).

Our project does not use a single “arm and a manipulator”, but rather a dual-armed Baxter-robot.
Hence, our project does not violate any of the independent claims and thus none of the dependent
claims. Therefore, while this is the closest patent to our idea, we do not infringe upon it and are
therefore not required to license from it. Since other existing patents are even less related, a
breach of IP is of no worry to us.

With the threat of similar, existing IP out of the way, we can now begin to pursue an
alternative strategy of IP protection. After much consideration, we believe that copyright is the
most appropriate option — in fact, this happens to be the choice for many software companies. Of
course, copyright does indeed present a few risks since, in general, patents protect ideas while
copyright only protects the expressions of ideas.

The first risk is the risk of knock-offs: there are ways around copyright such that people
can make products very similar to ours but are not in violation of copyright law. This includes
implementing our algorithm through a different tactic — one example is converting our code to a
different programming language — as well as merely adapting functions from our program. The

point is that copyright does not protect our ideas, making it incredibly easy for others to take our
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ideas and tweak them to look slightly different in their end product. We would need to mitigate
this issue by implementing our algorithm across multiple programming languages to prevent the
scenarios where someone claims credit on our ideas based on simple modifications.

The second risk is the risk of undetected duplication. It is the first risk in reverse, where
certain competitors are indeed copying our code directly, but we have no way of detecting that
they are doing so. The reason for this is that we will generally not have the source code of our
competitors to compare to our own; all we will have is the compiled functionality that their code
is capable of demonstrating. In that sense, it is near impossible to identify specifically if they
have violated copyright. Consequently, it is quite difficult to mitigate this risk.

While copyright does offer less protection than patents, it is nonetheless more feasible
and realistic to acquire. For instance, copyright is granted automatically when an original work is
created, so registration is not required. This simplified procedure immediately eliminates the
time and money that we would otherwise need to spend to obtain a patent. Moreover, the
duration of copyright is the life of the author(s) plus 70 years, which is plenty of time for us
given the short life cycle of software. Furthermore, copyright offers authors the exclusive rights
to reproduction, protects against public displays and derivatives of their work, and establishes a
public credibility that can attract investment and customers. Licensing can also present itself as a
way to increase profit and expand a business.

All in all, it appears that pursuing a patent is not the route for us to go. Instead, a more
practical approach at protecting our IP is for us to pursue copyright, due to both the more lenient

restrictions and more efficient timeline at obtaining copyright.

4 SYSTEM WORKFLOW
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Shifting gears now to the technical details of our capstone project, let us clarify once
more that we developed a general-purpose robotic system that incorporates robot-human
interactions. Yet it is difficult to implement generality without first implementing and testing
lower-level components. Therefore, as a stepping stone for a starting point, we defined a specific
task that we aimed to accomplish: having Baxter assembling a coffee table with the help of
human. (Figure 1 shows the workflow of this system.) Having such an aim allowed us to

physically manifest an implementation and test of our system.

Human teaches Apply learning-by- Baxter executes the Human takes over
Baxter task demonstration learned trajectary in and finishes the
multiple times algorithm the part its accuracy accurate part

meets the need

Figure 1: Workflow of System Process

5 TECHNICAL CONTRIBUTIONS /6 CONCLUDING REFLECTIONS

Each team member has written a separate paper for these two sections. See the related
documents to this report. (Figure 2 summarizes the scope of each paper and organizes the system

components in a block diagram.)
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Abstract

While humans can naturally feel forces as they manipulate objects, robots need
special instrumentation to provide this capability. Force and torque sensing is crucial
to enable robots to perform manipulation tasks such as picking up delicate items,
screwing in parts for assembly, and handling deformable objects. In this paper, I
present a force sensing data acquisition system that I implemented and used with the
Baxter Research Robot. I further detail how I have characterized the accuracy of these
sensors and experiments I have conducted with the sensors instrumented on the robot.
Finally, I describe software and algorithms to make use of the data in controlling the

robot.



1 Overview

While people have long dreamed of hav-
ing robotic assistants helping them in their
homes, this vision has seen only limited real-
ization in recent years. For example, robotic
vacuum cleaners like the iRobot Roomba
have seen significant market adoption due
to affordable pricing and meeting customer

needs |Jones, 2006]. However, these robots

in service of the homes of today have very Figure 1: The Baxter robot; image courtesy

|Guizzo, 2013

narrow functionality. While they may excel
at one particular task such as vacuuming, they cannot do anything else.
In the past, general purpose robot platforms have been much too expensive for the vast

majority of people to buy for their personal use. For example, the Willow Garage PR2, a

large mobile robot with dual 7-degree of freedom arms, costs $280,000 [Willow Garage, 2014].

Furthermore, even if one could afford the robotic hardware platform, one would also need
software providing the intelligence to enable the robot to perform a broad range of tasks,
operate autonomously, and seamlessly interact with people. Creating such software is an
incredibly difficult challenge on the forefront of cutting edge research; it is not by any means
a solved problem or ready to be deployed on a commercial product.

Although the software remains a complex problem, there is hope for significantly cheaper
hardware. A new paradigm is emerging in which companies are using novel manufacturing
processes, parts, and techniques to offer complex robots at significantly cheaper than the sta-

tus quo. For example, Rethink Robotics offers the dual-arm Baxter robot for only $25,000,

an order of magnitude less than the PR2 [Rethink Robotics, 2015b] (see Figure [1). Baxter




is made with many innovative, cheap parts. For example, its gears are made of compressed
metal powder and it uses series elastic actuators (SEAs) [Guizzo and Ackerman, 2012]. How-
ever, as a consequence, Baxter’s arms allow for limited precision compared to more conven-
tional, expensive robotic arms. Baxters ability to perform highly sensitive or delicate tasks
requiring fine motor skills is thus limited.

Now that the idea of people being able to afford robotic hardware platforms for their
homes is a step closer to reality, the question becomes, how do we create software that allows
these robots to intelligently help people in a variety of tasks while overcoming any limitations
of their cheap hardware? That is, even with innovative, low-cost hardware, better software
is still needed. Herein lies the motivation for the capstone project overall. The overarching
goal of the capstone project is to develop software that will make low-cost robots like Baxter
truly useful to people in the home.

The main idea of the capstone project is to develop a framework in which Baxter can learn
how to perform tasks via human demonstrations, which it will then analyze to determine the
accuracy needed at each step. A simple way of doing this would be to analyze the variance
in task trajectory signals across each demonstration and conclude that task segments with
tiny variance required greater accuracy. For task segments that required greater accuracy
than the robot possess, the robot could then summon a human to position its end effector
under “virtual fixtures” [Abbott et al., 2007]. Alternatively, the robot may be able to resort
to more traditional techniques such as visual servoing to gradually hone in on the target
[Espiau et al., 1992].

Other members of the capstone team will detail various components of the project such
as the trajectory recording system, learning framework, and Baxter accuracy determination.
This paper will focus specifically on force sensing. The main learning system of the project
has thus far utilized training trajectory signals consisting of position and orientation of the

end effector over time, which are used to synthesize a Cartesian trajectory to execute on the



robot.

However, while position control is effective for moving a robot through free space, it is
often not adequate for tactile or contact tasks [Craig, 2005, p. 317]. For example, as our
primary demonstration application, the capstone team uses the task of assembling IKEA
furniture. Consider the task of a robot screwing in a table leg onto the main table body (see
Figure . In this case, the robot must press the table leg down into the main piece while
twisting it. That is, it must apply a downward force orthogonal to the table surface while
also applying a torque about the axis of the table leg. Clearly, relying on position control in
such a task would result in failure as this is fundamentally a task constrained by forces and
torques.

Therefore, 1 argue that the trajectory
recording system developed for this project

Table leg
must be augmented to record measured

Tz

Fz
1 Table body

forces and torques throughout a task train-

ing demonstration, and the learning system
must be modified to use additional features
in its trajectory signals consisting of these
forces and torques. This would enable the
robot to learn not only the end effector con-
figurations over time it should generalize
from, but also the forces and torques impor- ) o
Figure 2: Screwing in a table leg

tant to carrying out a task. Then, at test

time, the robot would use a closed loop controller to make sure that at each task segment,
the forces and torques it is exerting are equal to those it had learned from training.

In this paper, I present a force and torque sensing data acquisition system I have created

to satisfy these needs. I use ATI Industrial Automation force/torque sensors in addition to



(b) Wireless sensor hub

(a) Mini45 Force/Torque sensor

Figure 3: ATI Industrial Automation force/torque sensing hardware; images courtesy
|ATT Industrial Automation, 2015a], [ATI Industrial Automation, 2015b)|

a wireless hub device, so the sensors can be instrumented on the robot without unnecessary
wiring to the external control computer (see Figure [3|). T proceed to discuss experiments
I have conducted with the robot and sensors. Finally, I detail software and algorithms to

make use of this data in controlling the robot.

2 Literature Review

In this section, I present a brief overview of relevant literature to give the reader context and

background for the project specific content that follows.

2.1 Force sensing background

Force sensing for robotics applications goes back to the 1970s and 1980s, during which

researchers were primarily interested in developing new force sensing technologies and devices

|Tegin and Wikander, 2005]. Early applications included force sensing for industrial robots

performing grinding and deburring manufacturing tasks [Craig, 2005, p. 318]. Recent focus

in the field has shifted more towards better understanding and modeling force-torque data



as well as exploring new applications such as robotic surgery [Tegin and Wikander, 2005].
The field is still in its relatively early stages with much work to be done; thus far, more
research has gone into other perception schemes such as vision [Tegin and Wikander, 2005|.
Over time, work in the field has split into two approaches; force sensing, which focuses on
measuring and using overall net forces at the end effector, and tactile sensing, which focuses
on instrumenting end effectors with multiple fine-grained sensors for more detailed analysis
of the object such as its shape and other properties [Bicchi et al., 1993].

There are many different types of force sensors, including joint sensors, wrist sensors,
and finger sensors [Craig, 2005, p. 253]. Joint sensors measure the torques that motors at
each joint apply as the robot moves.

Wrist sensors are mounted between the end effector and the wrist, and generally provide
three measurements for each direction of force, and three measurements for each direction of
torque [Craig, 2005, p. 253]. This is useful for determining the forces between the robot’s end
effector and the object it is contact with. Wrist force-torque sensors are generally constructed
using several internal highly-sensitive strain gauges placed around the center of the device,
which can be used to figure out the forces and torques for each axis [Garcia et al., 2009]. I
employ one such type of wrist force-torque sensor in this project.

A variety of finger sensors have been developed including tactile array sensors that mea-
sure forces over a finger’s surface, finger joint angle sensors, and force-torque sensors mounted
at the tip of each finger [Howe, 1993]. These sensors are vital to approaches focusing on tac-

tile sensing to determine the shape, deformation, and rigidity of objects the robot is grasping.

2.2 Force sensing computations

Suppose that we want to direct the Baxter robot to press down with —c¢ N of force in the Z

direction and twist with & Nm of torque about the Z axis to screw in a table leg (Figure .



Given our desired vector of end effector forces and torques, f = [ fo fy fo 7o T, T

T T
0 0 —¢c 0 0 k| ,how can we compute the torques, Tjoints = [7—1 7-7} , Baxter’s

motors at each joint would need to apply to generate these desired forces at the end ef-

[4

fector? Henceforth, I will refer to these six dimensional force-torque vectors as “wrenches”
[Murray et al., 1994, p. 61].

To solve this problem, we can use the Jacobian. In general, the Jacobian is the gradient of
a multidimensional function. For robotics in particular, the Jacobian refers to the derivative
with respect to time of the forward kinematics map [Murray et al., 1994, p. 115]. One can
define a spatial or body Jacobian depending on if one wants to consider the base frame or end
effector frame perspective, respectively. For this project in particular, we are interested in the
body frame since we want to be able to reason about the forces the end effector experiences.
The following equations show how to compute the body Jacobian from a forward kinematics

map represented in product of exponential twists form, in the notation of Murray, Li, and

Sastry:

Gut(8) = €291 &0 g(0) (1)
Jb = {gi @TL} (2)
&= Ad”! & (3)

(6101 ...e8n0n g 1 (0)

where g4 (0) is the transformation betvx;fzen the tool (end effector) frame ¢ and base frame
s with joint angles 0 = {91 gn} , gst(0) is the same transformation but at initial
configuration (i.e., the robot’s arm is stretched out with each joint angle §; = 0), &; is the
twist for joint 7, and Ad~! is the inverse adjoint [Murray et al., 1994 p. 115-117]. Equation

defines the forward kinematics map (for a given set of joint angles 6, how to transform



between tool frame and base frame). Equations [2] and |3| define the body Jacobian.

In general, the Jacobian J is a d by j matrix where d is the dimension of the robot’s
workspace (i.e., up to 6 degrees of freedom), and j is the number of joints the robot has
[Craig, 2005, p. 150]. Note that if the robot has j > d, as is the case for the Baxter robot with
a 6 degrees of freedom workspace and 7 joints, it is “kinematicaly redundant”, which means
that there may be multiple solutions for the robot to achieve a given end effector wrench;
this added flexibility is important for working around obstacles, avoiding singularities, and
choosing motion plans that optimize given criteria (e.g., minimize energy expended over
motion) [Chiaverini et al., 2008]. The Jacobian is important because it is often used as a
mapping from velocities in joint space to velocities in end effector space. Furthermore, as
utilized in this project, the Jacobian is useful in static force analysis as it establishes a
mapping between an end effector wrench and a set of corresponding joint torques.

Once we have the Jacobian, we can answer the question initially posed. That is, given
some desired end effector wrench, we can calculate the joint torques needed to produce this

at the end effector:

7= (L))" F, (4)

T
where 7 = {71 . Tn:| is the vector of joint torques, (J%)T is the body Jacobian trans-

T
posed, and F; = [ fo fy fo T T Tz:| is the end effector wrench [Murray et al., 1994
p. 121]. In the case of Baxter, 7 is 7x1, J is 6x7 (so the transpose is 7x6), and F} is 6x1.

Thus, the dimensions all agree.



2.3 Force sensing and control

Suppose the robot computes the joint torques it needs to produce a desired end effector
wrench and then applies those joint torques. How should the robot then respond if the
subsequently measured end effector wrench is still a bit off? Control algorithms are necessary
to make sure the robot uses its force sensing measurements in real time as feedback to adjust
its joint torques. Closed loop control refers to systems such as this that use feedback to
adjust the output. Open loop control refers to systems that make no use of feedback.

One simple technique that could be implemented for the purposes of the project would
be a Proportional-Integral-Derivative controller (PID controller), which computes an error
signal from the difference between the desired output and the current output, and then uses
the current error, the sum of past errors (integral), and rate of change of error (derivative)
as feedback to modulate the control variable [Astrom and Hagglund, 1995]. In this project,
such a scheme would amount to computing the error signal between the desired end effector
wrench and the measured end effector wrench, of which the current error, past errors, and
rate of error change would be used to update the joint torques to get closer to the desired
end effector wrench. Open loop control for this project would entail repeatedly sending joint
torque commands, but not using feedback from the measured forces and torques to alter
those commands.

More advanced controller architectures used in robotics include methods that combine
both position control and force control [Raibert and Craig, 1981]. These hybrid controllers
can be used to establish control based on forces in directions where forces matter most (e.g.,

along screwing axis in Figure [2)) and position control for everything else [Garcia et al., 2009].



3 Methods

Now that the conceptual groundwork and relevant background has been established, T will

describe specific hardware and software tools I use for the project.

3.1 Baxter Research Robot

Baxter is a robot designed by Rethink Robotics as an alternative to traditional huge, ex-
pensive, and dangerous industrial factory robots. Baxter was created specifically to be
low-cost, safe around people, and easy and flexible to setup and train for different tasks,
aimed at factories and manufacturing roles [Rethink Robotics, 2014a]. The robot has two
arms, each of which has seven degrees of freedom. The robot possesses cameras in its wrists
and head, as well as sonar sensors around its head. The robot is stationary as it does not
possess any mobile drive system. The Baxter Research Robot is a variant of the original
Baxter robot that is specifically aimed at research labs, academia, and educational users
[Rethink Robotics, 2014b]. The Baxter Research Robot comes with an open source software
development kit (SDK) and utilizes the Robot Operating System (ROS) to give researchers

and students a great foundation of core software to build upon [Rethink Robotics, 2014b].

3.2 Force sensing hardware

For force sensing instrumentation, I use ATI Industrial Automation Mini45 force-torque
transducers, which use internal strain gauges to compute the forces and torques on the
sensor (see Figure |3) [ATT Industrial Automation, 2015¢|. I also use the recently released
ATTI Industrial Automation WNET device, which is a wireless hub that connects to the
transducers via cables and streams their data to a network. The WNET also provides a
serial interface to change lower level device parameters, calibration data, and transducer

settings [ATT Industrial Automation, 2015¢].
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3.3 Robot Operating System

The Robot Operating System (ROS) is an open source robotics framework that enables
natural development of software modules that communicate between one another for robotics
applications [Quigley et al., 2009). ROS applications take the form of a computation graph
consisting of ROS nodes, which are running processes that communicate over edges of the
graph, called ROS topics |[Cousins, 2010]. ROS contains many libraries ranging from low
level robot hardware and sensor drivers to high level path planning algorithms and as well
as software build tools [Cousins, 2010]. ROS was very useful to the team as it provided a
solid foundation of core software and existing functionality to build upon and provided a
means to program the Baxter robot, where many lower level details were abstracted out.
As is often the case with open source software, there were sometimes problems with ROS
and a lack of adequate documentation to address them online, but these issues were solved
eventually. Overall, ROS was a crucial piece in the project and definitely went a long way

towards giving the team a solid foundation to start from.

4 Results

I now present the results of the project as they pertain to force sensing, and discuss challenges

and outcomes.

4.1 Data acquisition system

A core piece of this project, especially from an engineering work standpoint, was just to get
the data pipeline from the force-torque sensors to ROS on Baxter’s developer workstation
established. The ATI sensors are third party devices, not supported by Rethink Robotics, so
there is no built-in or default way of installing them on Baxter. To circumvent this issue, we

bypass the Baxter onboard control computer. This embedded computer interfaces with all
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Figure 4: Physical/networking setup of data acquisition system

of Baxter’s built-in sensors and actuators and connects to the workstation via an Ethernet
link. This computer is bypassed using the WNET device onboard Baxter, which connects to
the force-torque sensors and streams sensor data to the workstation over WiFi (see Figure
4).

The WNET device sends UDP packets containing data samples from each time frame
to the network. ATI provides sample Java code to run on the workstation that handles
reading UDP packets and parsing/unpacking the data into a readable form. I started with a
stripped-down version derived from this sample Java code that read packets and wrote the
data to CSV files. I made modifications to further eliminate unnecessary functionality and
to only send data I was interested in (e.g., leave out the health status info of the device, just
keep the force-torque measurements). I also wrote networking code so that instead of writing

to a CSV file, the program writes the force-torque measurements in strings of a predefined
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Figure 5: Software setup of data acquisition system

format to a socket on the machine at a fixed port.

I wrote a Python program that listens to this socket at this port, reads the data strings,
and using the established convention, parses the string to obtain the sensor values. The
program then publishes the sensor values to the ROS topic ftsensor_data in the form of
a ftsensor ROS message, which contains the six force/torque measurements for each of the
two transducers. Other ROS nodes can now subscribe to the ftsensor_data ROS topic
and use the information in making decisions to determine the robot’s actions. A diagram of
the overall software system is shown in Figure

While the above data acquisition system is conceptually simple, in practice, it took
significant work to get running reliably, primarily due to problems with the ATI force sensing
hardware. In particular, getting the WNET device to work properly required extensive
debugging and interfacing with the device over a serial connection to send different lower

level commands to change various hardware settings. For example, initially, there were a
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myriad of issues getting the device to connect to a wireless network. This was compounded
by ATI demo applications that crashed upon launching as well as a lack of troubleshooting
documentation. Other problems included the device not recognizing its transducers and
the force-torque sensors giving wildly strange numbers due to lack of calibration. All these
issues and more had to be solved via hours of debugging the device over the lower level serial
interface with much trial and error due to lack of adequate documentation. The author has
since written his own documentation and troubleshooting guide so that future generations

of graduate students in the lab will be spared the same fate.

4.2 Experiments with force sensors

After completing the force sensing data acquisition software, I physically installed the sensors
on the robot and performed experiments to verify the correctness of the data. I show an F/T
sensor installed on Baxter’s wrist in Figure [6] While originally, the base of Baxter’s wrist
would connect directly to the gripper, a module consisting of the transducer sandwiched
between two custom mounting interface plates now lies between the wrist base and the
gripper. The UC Berkeley Tele-immersion lab designed these plates and had them machined
as no commercial product existed.

After loading all the calibration data specific to each sensor unit, I tested the accuracy
of the transducers using known calibration weights. For simplicity, this test procedure only
measures force in the Z direction as a weight is placed on each transducer, with the weight
vector pointing in the negative Z axis of the transducer. Figure [7|shows the results of these
tests. The transducers are very accurate with the largest error I saw at around 0.15 N.

However, it is important to note that the transducers are noisy, so when I obtained the
measurements, I used an average of 8 samples to help decrease the effect of random noise.
Also, the sensors are affected by temperature, so putting a cold metal weight on them can

produce measurements that are off. To rectify this problem, I placed a thin plastic layer
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Figure 7: Transducer accuracy tests

between the weight and the transducer and subtracted the known weight of the plastic piece.

After verifying the calibration of the sensors, I performed an experiment inspired by the
canonical peg in hole robotics problem, in which a robot is tasked with inserting a peg into
a hole, typically by using force sensing to determine how it must adjust the peg to fit into
the hole (e.g., [Qiao et al., 1993]).

For my experiment, I drag the robot’s end effector across a metal plate with holes, and
plot the forces and torques measured during this process. I then show that from the data,
one can tell when the end effector runs into a hole versus when it is moving along a smooth
surface. The experiment setup is shown in Figure with the coordinate axes of the F/T
sensor shown in Figure[8D] For this experiment, I have removed one of the fingers, such that
only one finger is attached to the gripper. In the experiment, I drag the end effector laterally

across the metal plate. I present the force and torque data gathered from this experiment
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(a) General setup (b) F/T sensor axes

Figure 8: Surface with holes experiment

in Figures [0a] and [9b] respectively.

The following time windows summarize
what I did in each part of the experiment,
with samples and time window numbers cor-
responding to those shown in Figure [0 The
absolute sample values I list in the ranges
are approximate.

Time windows:

1. Sample 0 to 500: End effector static,

floating in free space

2. Sample 500 to 750: End effector moved

. : Figure 6: F/T sensor installed on Baxter
in free space to hover over start posi-

tion
3. Sample 750 to 1500: End effector dragged
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Forces for 3 hole experiment
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Figure 9: Surface with holes experiment data
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across flat surface without holes

4. Sample 1500 to 2100: End effector moved
in free space to hover over start posi-

tion

5. Sample 2100 to 3500: End effector dragged

across surface with three holes

6. Sample 3500 to 5000: End effector static,

floating in free space

I will now explain the data and how it shows the above actions. For time windows [1] and [6]
the end effector is just floating still in free space without anyone touching it, so as expected,
the forces and torques are all about 0 during these periods. I set the bias on the sensor
before running the experiment while the end effector was in a similar configuration to ensure
that this was the case, although the forces are likely 1 or 2 N off from 0 due to moving the
end effector a bit after the bias was set and before running the experiment.

Time windows [2| and |4| consist of moving the end effector through free space to hover
over the surface start point. As expected, the forces and torques are about 0, although some
small variation is evident, likely as a result of how I pulled on the arm a bit to get it in place.

Now let us examine time window [3| during which the end effector is dragged in a line
across part of the metal plate without any holes in it. I have drawn a free body diagram of
this flat surface scenario in Figure , where Fy is the force the human (i.e., me) applies
during the experiment, Fy is the normal force from the surface, and X, Y, and Z are the
transducer axes as shown. Note that the human must apply force laterally that is greater
than the force of friction so that the end effector will drag along the surface. The force the
human applies must also have a downward component to make the end effector press down

into the surface a little and to counteract the normal force of the surface. Note that Baxter’s
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arm is gravity compensated (the joint controllers automatically exert the necessary torques
to counter the effect of gravity on the arm such that the arm is static under gravity and
does not sag), so I do not consider the weight of the arm. From this scenario, we would
expect that the transducer would measure force in the positive X direction since the end
effector is tilted as shown in Figure[10a] and the surface is pushing back against the gripper
in the X direction. We would also expect to measure force in the negative Z direction since
a component of the vertical normal force is along this direction. The force along the Y
direction should be negligible. We would expect to see negligible torque about the X and
7 axes, although there should be a positive torque about the Y axis because there is force
being applied to the end of a “lever arm” connected to the transducer origin about the Y
axis. The length of this lever arm would be the distance from the transducer to the end of
the gripper finger. All these conditions are indeed evident from the data in Figure [9] during
time window [3] as expected.

Now let us examine time window [ during which the end effector crosses over three holes.
A diagram of this part of the experiment is shown in Figure [I0b] The reasoning for this part
of the experiment is similar to that for the flat surface. While the end effector drags over the
flat part in between holes, we would expect identical results to the flat surface. When the
finger falls into a hole, we would expect to see results with similar direction, but exaggerated
magnitude. That is, when the finger falls into a hole, we would expect to see a spike in the
force along the positive X direction and negative Z direction, since the forces after falling
into a hole and bumping the surface should be more severe than usual. There should also
be a spike in torque about the positive Y axis for the same reasons. These expectations
are indeed clearly met as shown in the data in Figure [9] Furthermore, the three spikes
corresponding to each of the three holes are clearly visible in the data for the X and Z forces
in Figure [9a] and the Y torque in Figure [0bl One can easily imagine building an automated

system that uses such force sensing data to determine when the robot’s end effector has run
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(a) Flat surface (b) Surface with hole

Figure 10: Free body diagrams for experiment

over a hole.

4.3 Force sensing using data

The next piece of the project was to implement software with the functionality described in
Section [2.2]to determine required joint torques for a given desired end effector wrench. I wrote
a ROS node that performs this computation and commands the robot with the calculated
joint torques. I had to be very careful, as joint torque control is an “advanced control

mode”, in which the usual safety and collision avoidance features are bypassed through lowest

level control access |[Rethink Robotics, 2015a). T implemented an open loop controller that

repeatedly computes a Jacobian based on the current arm joint angles, uses that to determine
what joint torques it needs to generate a desired end effector wrench, and then commands
the arm motors to apply those torques. I performed tests such as specifying a desired end
effector wrench with force in the Z direction, and verified that the arm moved up as the end
effector exerted force in the Z direction. I also blocked the end effector with my hands and
verified that it exerted force against me in the desired direction. My job was made easier

thanks to the Baxter SDK, since it already included making adjustments to my joint torque

absolute command values to account for gravity compensation |[Rethink Robotics, 2015a].
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While I was advised to just tackle open loop control for now due to time constraints of the
project, the next step would be to implement a closed loop controller such as that introduced
in Section 2.3} Additional testing as well as integration with the rest of the capstone project

including the trajectory recording system and learning framework would follow.

5 Concluding Reflections

The goal of this particular piece of the project was to build a data acquisition system for
force-torque sensing, conduct experiments with this system, and implement open loop force
control. These objectives have been accomplished. As this force sensing component relates
to the overall capstone project, using this force sensing system to augment the trajectory
recording and learning components will allow the robot to learn and execute contact tasks
such as screwing in pieces for assembly and determining properties of surfaces through touch.

Overall, this capstone project covered many disciplines including human-robot interac-
tion, sensing, controls, and learning. It was a fun project as well as a very valuable learning
experience. Through the project, I have become familiar with many of the exciting advances
and new trends in modern robotics, while also building a better understanding of the great
many challenges and body of future work that remains to be solved.

While the dream of having intelligent, general purpose robots helping people in their
homes is still a distant one, I hope that this capstone project as a whole takes a small step

towards bringing that vision to a reality.
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