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1. Executive Summary 
 

Robots for economic growth, improved quality of life and empowerment of people 
 

1.1 Introduction  
 

Recently the robotics industry celebrated its 60-year anniversary. We have used robots for more 

than six decades to empower people to do things that are typically dirty, dull and/or dangerous.  

The industry has progressed significantly over the period from basic mechanical assist systems to 

fully autonomous cars, environmental monitoring and exploration of outer space. We have seen 

tremendous adoption of IT technology in our daily lives for a diverse set of support tasks. 

Through use of robots we are starting to see a new revolution, as we not only will have IT 

support from tablets, phones, computers but also systems that can physically interact with the 

world and assist with daily tasks, work, and leisure activities.  

 

The ñoldò robot systems were largely mechanical support systems. Through the gradual 

availability of inexpensive computing, user interfaces, and sensors it is possible to build robot 

systems that were difficult to imagine before. The confluence of technologies is enabling a 

revolution in use and adoption of robot technologies for all aspects of daily life.  

 

Thirteen years ago, the process to formulate a roadmap was initiated at the Robotics Science and 

Systems (RSS) conference in Atlanta. Through support from the Computing Community 

Consortium (CCC) a roadmap was produced by a group of 120 people from industry and 

academia. The roadmap was presented to the congressional caucus and government agencies by 

May 2009. This in turn resulted in the creation of the National Robotics Initiative (NRI), which 

has been an interagency effort led by the National Science Foundation. The NRI was launched 

2011 and recently had its five-year anniversary. The roadmap has been updated 2013 and 2016 

prior to this update. 

 

Over the last few years we have seen tremendous progress on robot technology across 

manufacturing, healthcare applications, autonomous cars and unmanned aerial vehicles, but also 

major progress on core technologies such as sensors, communication systems, displays and basic 

computing. All this combined motivates an update of the roadmap. With the support of the 

Computing Community Consortium three workshops took place 11-12 September 2019 in 

Chicago, IL, 17-18 October 2019 in Los Angeles, CA and 15-16 November 2019 in Lowell, MA. 

The input from the workshops was coordinated and synthesized at a workshop in San Diego, CA 

February 2020. In total the workshops involved 79 people from industry, academia, and research 

institutes. The 2016 roadmap was reviewed, and progress was assessed as a basis for formulation 

of updates to the roadmap.  

 

The present document is a summary of the main societal opportunities identified, the associated 

challenges to deliver desired solutions and a presentation of efforts to be undertaken to ensure 

that US will continue to be a leader in robotics both in terms of research innovation, adoption of 

the latest technology, and adoption of appropriate policy frameworks that ensure that the 

technology is utilized in a responsible fashion.  
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1.2 COVID -19 
 

Over the last few months we have seen some major changes to society. The COVID-191, or the 

more accurate name for the infection Sars-CoV-2, has changed many things. It has already 

infected more than 27 million people with 6+ million of them in the US alone (by September 

2020)2. 

 

The outbreak of the pandemic has had a number of effects. First of all, the healthcare system has 

been challenged. People have also been quarantined at home for extended periods of time. A 

large number of people have been laid off in USA (and globally). In addition, people have almost 

stopped traveling. An obvious question is how robotics and automation can assist in such a 

scenario. 

 

In the healthcare sector there are quite a few obvious use-cases. i) there is a need to increase the 

frequency of testing people to get a nuanced view of the degree of infection and the speed of 

infections (R0). Laboratory robots allow for faster processing of samples and return of answers 

to people. Laboratory robots can automate the testing and allow for extensive testing. Many 

healthcare professionals have been exposed to COVID due to their front-line jobs. There is a real 

need to use automation to acquire samples from patients, but also to enable a doctor at a distance 

to examine a patient and acquire basic information such as temperature, blood pressure, pulse, 

etc. Using tele-presence robots, it is possible to increase the social distancing between patients 

and medical personnel for routine tasks and through this reduce the risk of exposure for 

professionals. There are numerous use-cases for medical robots beyond the well-known 

examples in surgery. 

 

Manufacturing has declined significantly during COVID-19, which is partly due to changes in 

market needs, but also due to the economic recession gaining momentum after the start of the 

pandemic. Total industrial production is seeing a downturn. We have seen automotive sales go 

down by as much as 50%3. When isolated at home the traffic patterns change dramatically. 

Retail sales was down by 20+% during September 2020 and food/drink sales were down by 50% 

in September 2020. At the same time e-commerce continued to have significant growth. Sales of 

goods in the traditional retail sector was shifting from brick-and-mortar shops to the web.  

 

E-Commerce has seen tremendous growth over the last year. The growth is both in US with 

major companies such as Amazon and Walmart, but also internationally by companies such as 

Alibaba, JD and Tmall. Already today Alibaba with Taobao is 50% larger than Amazon and is 

expected to continue to grow. Amazon4 has deployed more than 200,000 mobile platforms in 

their warehouses (the number is more like 300,000 by now). In addition, we are also seeing 

 

 

1 https://www.cdc.gov/coronavirus/2019-ncov/index.html 

2 https://www.worldometers.info 

3 https://fred.stlouisfed.org/series/IPG3361T3S 

4 https://techcrunch.com/2019/06/05/amazon-says-it-has-deployed-more-than-200000-robotic 
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major progress on automated object pick-up / handling with companies such as Covariant.AI, 

Righthand Robotics and Berkshire Grey. As people desire a minimum of contact for items 

entering their house, we will see higher automation at distribution centers. There is significant 

interest in the last-mile problem of delivering from the truck to the front door in a domestic 

setting. The last mile could be solved using a traditional mobile platform as seen by Amazonôs 

Scout5, another solution is clearly humanoid robots such as digit by Agility Robotics6 or 

traditional services such as May Mobility7. Leaving the ground for a minute the drone market is 

considered for last mile deliveries as seen by Amazon Prime Air8 or the experiments by UPS9. 

 

Cleaning is another important topic. This includes cleaning and disinfection beyond the hospital 

and the home. iRobot has seen a major uptick in sales of vacuum cleaners and floor scrubbers 

during the pandemic and shares are up 65% year to date. Additional cleaning is important to 

many households. A flood of UV-C disinfection robots has also been announced. Using UV-C 

lighting it is possible to achieve a high degree of disinfection with more than 99.9% of the virus 

eliminated when more than 10 micro watt / cm2 is radiated onto a surface. In many cases, a high-

power source is used to allow even indirect illumination to kill the virus. There are already more 

than 100 companies worldwide pursuing this market. Keenon has developed a robot that uses 

both UV-C lighting and a vaporizer to disinfect an area. The vapor will get to areas that may not 

be directly exposed by the UV-C light and provide redundant security. These two robots are 

merely examples of the vast number of new robots entering this market. The first place to see 

deployment of these UV-C robots were hospitals and care facilities. High-traffic use-cases such 

as airports have also seen deployments. One would expect other use-cases to include hotels, 

malls, cruise ships, and eventually they may enter your house as supercharged home cleaning 

robots. This is a new robotics segment that was unrealistic just a few months ago. 

 

COVID has exposed a number of opportunities for robotics from cleaning/disinfection over e-

commerce to manufacturing and transportation. Robots are primarily designed to empower 

people to do things better, in some cases in terms of accuracy in other cases as power or sensory 

extensions, and access. In the aftermath of the 2009 recession adoption of robotics grew 

significantly. In a post-COVID world we will see new behavior patterns for social interaction, 

cleaning, collaboration and delivery. There are thus many new opportunities for utilization of 

robot technology to enhance many of everyday life. 

 

1.3  Main Findings 
 

Over the last decade a tremendous growth in utilization of robots has been experienced. 

Manufacturing has in particular been impacted by the growth in collaborative robots. There is no 

longer a need for physical barriers between robots and humans on the factory floor. This reduces 

 

 

5 https://blog.aboutamazon.com/transport 

6 https://www.agilityrobotics.com 

7 https://maymobility.com 

8 https://en.wikipedia.org/wiki/Amazon_Prime_Air 

9 https://dronelife.com/2020/04/21/ups-drone-delivery-droneup-partners-fly -to-prove-the-case-

for-coronavirus-response 
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the cost of deploying robots. In the US the industrial robotics market has grown 10+% every year 

and the market has so far seen less than 10% penetration. We are thus far away for full 

automation of our factories. US is today using more robots than it has even done before.  

 

A major growth area over the last decade has been in use of sensor technology to control robots. 

More digital cameras have been sold the last decade than ever before. When combined with 

advanced computing and machine learning methods it becomes possible to provide robust and 

more flexible control of robot systems.  

 

A major limitation in the adoption of robot manipulation systems is lack of access to flexible 

gripping mechanisms that allow not only pick up but also dexterous manipulation of everyday 

objects. There is a need for new research on materials, integrated sensors and planning / control 

methods to allow us to get closer to the dexterity of a young child.  

 

Not only manufacturing but also logistics is seeing major growth. E-commerce is seeing annual 

growth rates in excess of 40% with new methods such as Amazon Express, Uber Food, é these 

new commerce models all drive adoption of technology. Most recently we have seen UPS 

experiment with use of Unmanned Vehicles for last mile package delivery. For handling of the 

millions of different everyday objects there is a need of have robust manipulation and grasping 

technologies but also flexible delivery mechanisms using mobility platforms that may drive as 

fast as 30 mph inside warehouses. For these applications there is a need for new R&D in multi-

robot coordination, robust computer vision for recognition and modeling and system level 

optimization.  

 

Other professional services such as cleaning in offices and shops is slowly picking up, this is in 

particular true given the recent COVID-19 pandemic. The layout of stores is still very complex 

and difficult to handle for robots. Basic navigation methods are in place, but it is a major 

challenge to build systems that have robust long-term autonomy with no or minimal human 

intervention. Most of these professional systems still have poor interfaces for use by non-expert 

operators.  

 

For the home market the big sales item has been vacuum and floor cleaners. Only now are we 

starting to see the introduction of home companion robots. This includes basic tasks such as 

delivery services for people with reduced mobility to educational support for children. A major 

wave of companion robots is about to enter the market. Almost all these systems have a rather 

limited set of tasks they can perform. If we are to provide adequate support for children to get 

true education support or for elderly people to live independently in their home there is a need 

for a leap in performance in terms of situational awareness, robustness and types of services 

offered.  

 

A new generation of autonomous systems are also emerging for driving, flying, underwater and 

space usage. For autonomous driving it is important to recognize that human drivers have a 

performance of 100 million miles driven between fatal accidents. It is far from trivial to design 

autonomous systems that have a similar performance. For aerial systems the integration into 

civilian airspace is far from trivial but does offer a large number of opportunities to optimize 

airfreight, environmental monitoring, etc. For space exploration it is within reach to land on 



   

 

11 

asteroids as they pass by earth or for sample retrieval from far away planets. For many of these 

tasks the core challenge is the flexible integration with human operators and collaborators.  

  

The emergence of new industrial standards as for example seen with Industry 4.0 and the 

Industrial Internet facilitates access to cheap and pervasive communication mechanisms that 

allow for new architectures for distributed computing and intelligent systems. The Internet of 

Things movement will facilitate the introduction of increased intelligence and sensing into most 

robot systems and we will see a significant improvement in user experience. The design of these 

complex systems to be robust, scalable, and interoperable is far from trivial and there is a new 

for new methods for systems design and implementation from macroscopic to basic behavior. 

 

As we see new systems introduced into our daily lives for domestic and professional use it is 

essential that we also consider the training of the workforce to ensure efficient utilization of 

these new technologies. The workforce training has to happen at all levels from K-12 over trade 

schools to our colleges. Such training cannot only be education at the college level. The training 

is not only for young people but must include the broader society. It is fundamental that these 

new technologies must be available to everyone.  

 

Finally, there is a need to consider how we ensure that adequate policy frameworks are in place 

to allow US to be at the forefront of the design and deployment of these new technologies but it 

never be at the risk of safety for people in their homes and as part of their daily lives.  

 

1.4  The Roadmap Document.  
 

The roadmap document contains sections specific to societal drivers, mapping these drivers to 

main challenges to progress and the research needed to address these. Sections are also devoted 

to workforce development and legal, ethical and economic context of utilization of these 

technologies. Finally, a section discusses the value of access to major shared infrastructure to 

facilitate empirical research in robotics.  

 

1.5     Further Information Is Available From:  
 

Prof. Henrik I. Christensen 

Contextual Robotics Institute 

University of California San Diego 

9500 Gilman Drive 0436 

La Jolla, CA 92093-0436 

hichristensen@eng.ucsd.edu 
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2. Societal Drivers 
 

2.1. Manufacturing 
 

Manufacturing, from handicraft to high tech, is the staged transformation of raw materials into 

finished goods on a large scale using human-labor, machines, tools, chemical or biological 

processing on a large scale.  

 

Manufacturing output accounts for some $2 trillion in the United States. It represents about 12% 

of the GDP10. Every dollar worth of manufacturing goods generates $1.4 in output in other 

sectors of the economy. The U.S. is second only to China in Manufacturing11. 

 

Today, U.S. manufacturing companies face the twin challenges of an aging population and a 

shortage of skilled workers. As a result, our manufacturing competitiveness is at risk. 

 

Robots keep U.S. manufacturing competitive by allowing them to improve product quality, 

increase productivity, get products to market faster and lowering the overall costs.  As a result, 

manufacturing jobs are growing as more robots are adopted in the U.S. Since 2010, some 

180,000 robots have been shipped to U.S. companies during the same period 1.2 million new 

manufacturing jobs have been created. At the same time, robots are making the workplace safer 

by performing dangerous tasks that people should not be doing.  

 
Figure 2.1 Relation between robot sales and employment (derived from FRED and IFR World 

Robotics, 2019) 

 

 

 

10 https://www.nam.org/facts-about-manufacturing/ 

11 https://www.forbes.com/sites/joelkotkin/2018/05/23/where-u-s-manufacturing-is-thriving-in-2018/ 
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This allows people to do higher value, higher-paying tasks. Because of robotics, U.S. companies 

are now bringing some manufacturing jobs back to the U.S. According to the Reshoring Institute, 

about 78,000 jobs have been returned since 2010. 

12 

Perhaps more importantly, manufacturing jobs that might have been outsourced to take 

advantage of low-cost labor are now being performed in the U.S. In addition to growing 

manufacturing jobs and output, these efforts also help revitalize communities that were hard hit 

by job losses when U.S. factories were closed. 

 

U.S. competitors recognize that adopting robots is critical to manufacturing success. China, the 

E.U., Japan and Korea are ñall inò on robotics with well-established government-funded 

programs to ensure they remain leaders in the use and development of robotics technology. 

 

The production-line, a key innovation of the industrial revolution, set the stage for the 

development of the modern deployments but is in great need of an overhaul to accommodate 

dramatic paradigm shifts/megatrends in manufacturing: including mass production while 

permitting customization in lot-sizes-of-one, digitalization (digitally-enabled insight into a 

traditionally opaque analog world), cloud-manufacturing systems, and need for scaling up 

production of highly integrated smart intelligent consumer products.  

 

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. At the macro-

level autonomous transportation (transportation) promises revolutionary improvements in speed, 

efficiency, safety and reliability along with concomitant benefits for society and economy.  

 

Inasmuch, it is useful to view a manufacturing shop floor from the lens of a ñmicrocosm of a 

smart cityò. 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 ï in the past, this was 

accomplished by high-cost and inflexible fixed-automation (conveyor-belts etc.) with implicit 

lock-in once selected.  

 

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. In as much, 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 (WIFI, 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 re-programmability (due to a variety of reasons 

including complexity). Nevertheless, sales for traditional industrial robots has grown at a CAGR 

 

 

12 CAGR: Consolidated Annual Growth Rate 
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of 19% from 2013 to 2019 even just in well-understood manufacturing use-case settings. In 

2018, global robot installations increased by 6% to 422,271 units worth USD 16.5 billion 

bringing the operational stock of robots to about 2.44M units (+15%). With software, 

peripherals, and systems engineering included, the value is approximately 50 billion USD. For 

the eighth year in a row, robot installations in the United States reached a new peak level (40,373 

units; +22%) but still remains in 3rd place after China and Japan. 

 

 

 
Figure 2.2: Number of robots shipped/sold per region (America, Asia and EU) over the period 

2007 - 2018. (Source: IFR World Robotics 2019).  

 

Newer paradigms such as collaborative robots - also called cobots - (designed to work together 

with humans) accounted for less than 14,000 out of more than 422,000 industrial robots installed 

in 2018. Despite strong media attention of cobots, the number of units installed is still low with a 

share of 3.24% of annual installation. Their growth rate was slightly higher (23%) as compared 

to traditional robots for reasons including the lack-of-awareness, change-management and lack 

of effective technology use-case performance or business ROI evaluations.  

 

Nevertheless, there is both considerable excitement and trepidation about the latent potential of 

next-generation robotics (enable shorter production runs, smaller factories, and higher 

productivity) to transform production-systems and its ability to power growth around the 
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world13. AI-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.  

The ñAdvanced Manufacturing Partnershipò (AMP) recognized robotics as a key-transformative 

technology that can revolutionize manufacturing and embodied/deployed via the Manufacturing 

USA institutes. These Manufacturing USA institutes including DMDII and ARM have sought to 

build out an ecosystem of industry-SMEs-academia-government constituents (~200-400 

members) to develop 3-4-year horizon technology roadmaps, updated annually and deploy them 

in technology investment strategies. However, due to the focus on higher TRL-levels, the 

opportunities for cross-pollination and translation of latent unrealized potential of approaches 

developed in other application spaces are not being fully realized in the manufacturing setting. 

 

Greater national-level coordination is needed to capture the productivity and competitiveness 

benefits of robotics driven by: (i) Shortage of labor in key high-tech manufacturing sectors; (ii) 

need to compensate for the deficit in manpower by improving workforce productivity; (iii) gain a 

technological-multiplier to maintain leadership in a more competitive export market; while (iv) 

offsetting effects of national-level technology-investment efforts across the globe14. Targeted 

national-scale investments in translating early-stage R&D efforts in robotics and automation into 

key manufacturing sectors of national interest -- aerospace, apparel, electronics, machining, and 

automotive -- would create significant opportunities for productivity gains. 

 

2.2. Logistics and E-Commerce 
 

According to 2019 figures released by the US Department of Commerce, total US retail sales are 

$1.36 trillion, of which $150B (10.7%) is e-commerce. E-commerce offers an unprecedented 

inventory of products at competitive prices to customers throughout the US.  Customers expect 

their orders to be delivered promptly and reliably.  E-commerce has doubled since 2015 and is 

growing by 12-20% annually; it is expected to accelerate in the next 5 years with increasing 

adoption for food and pharmaceuticals15.   

 

New warehouses are being built, but it is extremely difficult to hire and retain human workers 

who can keep up with the pace of packing an increasing volume of diverse orders.  Combined 

with similar demands in the upstream logistics of wholesale shipping, handling, sorting, storage 

and retrieval throughout the supply chain drives a pressing US need for robots and automation.  

ñThe broader market for warehouse and logistics automation topped $53 billion last year and is 

forecast to exceed $80 billion in 2023ò, said Jeremie Capron, head of research at ROBO Global 

LLC, a research and investment advisory firm16. 

 

 

13 https://itif.org/publications/2019/10/15/robotics-and-future-production-and-work 

14 https://www.bcg.com/en-us/publications/2018/advancing-robotics-boost-us-manufacturing-competitiveness.aspx 

15 Hadad, Jonathan. ñIBISWorld Industry Report 45411a: E-Commerce & Online Auctions in the USò. IBISWorld. 

October, 2017. 

16 Smith, Jennifer.  Warehouse Robotics Startups Drawing Bigger Investor Backing.  Wall Street Journal.  7 Jan 

2020. 

https://www.wsj.com/articles/warehouse-robotics-startups-drawing-bigger-investor-backing-11578394802 
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There is a clear need to have a comprehensive view of the supply chain for logistics and e-

commerce, The Autonomous Supply Chain includes smart manufacturing, distribution and 

fulfillment centers, vehicles, and people whose primary task is to deliver products to consumers. 

There is clear evidence that products and systems are being developed that support a 10-year vision 

of a Highly Autonomous Supply Chain. A 20-year vision may support a Fully Autonomous Supply 

Chain. This is supported by the investment and early emergence of: Autonomous (A) Air Cargo, 

A Supply Cargo ships, A tractor trucks, A delivery trucks, vans, cars, A flying drones and A 

ground-based drones. In addition, Industry 4.o, the SMART City initiative, Autonomous 

Manufacturing, Additive Micro Factory technology and Cyber Agriculture are changing the 

placement and speed of good and supplies to consumers. 

 

 

Figure 2.3. The Ecosystems for Logistics and Material Handling (drawing from UML workshop) 

 

Reshoring, population densification, sustainability and shortages in general labor and skilled 

labor are driving a need to transform how we think about supply chains. Industry is already 

facing shortages in general labor, labor retention, asset utilization, human labor safety injuries 

and high energy costs. 

 

The perceived benefits to adding autonomy to supply chain activities include: 

 Speed ï products are delivered faster 

 Safety  

 Cost savings 

 Demand satisfaction 

 Address labor shortage concerns 
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 Sustainability 

 New job opportunities 

 Fuel and energy savings ï autonomous vehicles have been shown to demonstrate a 15% 

fuel gain 

Robots can help if they can achieve Universal Picking: the ability to grasp any object in a huge 

and diverse range of shapes and sizes.  Despite over 40 years of research, this problem remains 

unsolved. The difficulty stems from the inherent uncertainty in physics, perception, and control. 

Sensor noise and occlusions obscure the exact shape and position of objects in the environment, 

and object properties such as the center of mass and friction cannot be observed directly.  Many 

groups are experimenting with new gripper and suction hardware, but still missing are algorithms 

and software that can rapidly compute robot grasp positions robust to uncertainty without 

requiring painstaking engineering expertise. 

 

Existing software approaches to Universal Picking can be categorized as either analytic or 

empirical17. Analytic methods rely on precise data about object properties and can work for 

uniform picking of the identical objects from a bin, these methods cannot scale to many diverse 

objects. Empirical methods, on the other hand, learn to compute grasps based on data from 

physical experiments. This data is used to train function approximators such as deep neural 

networks, which generalize well to new objects. However, physical experiments require months 

to perform and are specific to one robot, gripper, camera, and set of objects.     

 

A number of approaches to robot picking have emerged18 19.  Many study uniform picking, 

where all objects are identical in shape, which is distinct from universal picking, the challenge of 

grasping unknown and varying objects that is required for warehouse order fulfillment.  

Approaches can be considered in four categories -- learning from demonstration, reinforcement 

learning, 3D registration, or hardware-centric methods. Learning from demonstration and 

reinforcement learning both require substantial data collection and data cleaning for each new 

environment or task.  3D registration methods require a-priori 3D object models and generally 

only work when the object is known explicitly. Hardware-centric methods explore novel gripper 

models such as pneumatics that work well with certain object classes.  

 

One challenge is to reduce the time required for each sensing, computing, and robot motion cycle 

to match or exceed human performance of 500 pick attempts per hour (7.2 seconds per cycle). To 

increase both reliability and range, Continuous Learning might help distributing dataset 

generation and learning across virtual instances in the Cloud.   

 

 

 

17 Bohg, Jeannette, Antonio Morales, Tamim Asfour, and Danica Kragic. "Data-driven grasp synthesisða survey." 

IEEE Transactions on Robotics 30, no. 2 (2014): 289-309. 

18 RightHand Robotics (https://www.righthandrobotics.com/), Ocado (https://bit.ly/2Hi3lbi), Berkshire Grey 

(https://pitchbook.com/profiles/company/163720-72), SoftRobotics (https://www.softroboticsinc.com/), Kindred 

(https://www.kindred.ai/), Osaro (https://www.osaro.com/), Covariant (http://covariant.ai), Kinema Systems 

(http://www.kinemasystems.com/). 

19 How robots are grasping the art of gripping. Nature. Richard Hodson, Vol 557, Issue 7704.  10 May 2018.   

https://www.nature.com/articles/d41586-018-05093-1 

https://www.righthandrobotics.com/
https://bit.ly/2Hi3lbi
https://pitchbook.com/profiles/company/163720-72
https://www.softroboticsinc.com/
https://www.kindred.ai/
https://www.osaro.com/
http://covariant.ai/
http://www.kinemasystems.com/
https://www.nature.com/articles/d41586-018-05093-1
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Commerce is also driving demand for robotics for last-mile delivery.  A McKinsey & Co. report 

estimated that last-mile delivery costs amount to more than $86 billion per year.  There is also an 

increasing need for robots for retail front-of-store operations like monitoring and re-stocking 

shelves.  Amazon Go stores opened in several markets using advances in robot vision to 

eliminate checkout lines by automatically sensing as each customer removes products in real-

time.   

 

2.3. Transportation 
 

Efficient and safe transportation systems are a critical need of our society, enabling frictionless 

movements of both people and goods across town and urban centers as well as along long-

distance interstate routes. New forms of transportation in the US have continuously evolved, 

from the horse and buggy, to locomotive, and then to automobiles. As transportation systems 

have changed over the years to address critical societal and economic needs, they have become 

plagued with congestion and still suffer from accidents, leading to loss of both time and lives.20 

 

Can we imagine a future where people and goods are able to move about with revolutionary 

improvements in speed, efficiency, safety and reliability?  The use of novel robotic technologies 

holds the promise of providing for future advances in transportation systems. These positive 

changes will lead to numerous benefits across a number of sectors, including public safety, land 

use, supply chains, logistics, manufacturing, and quality of life. 

 

Current Trends 

Transportation systems connect us to our homes, our work, and our families and friends.  As our 

population grows and changes, our transportation needs will also change. It is anticipated that 

over the next 25 years, the population of the US will grow to 390 million people, an increase of 

70 million representing more people than the current populations of Texas, New York and 

Florida combined. Unfortunately, our transportation system has not kept up with this increase in 

demand. The capacity of our roads 

and airports is limited, leading to 

record levels of traffic congestion 

and frequent delays in aviation. 

 

 

Similarly, congestion and 

inefficiency in our freight system 

lead to enormous economic costs. 

A robust multimodal freight 

transportation system is needed to 

meet the expectations of 

consumers and industry and for 

 

 

20 For example, the average speed of transportation dropped in London from horse and buggy in 1916 (17 mph) to 

automobiles in 2016 (11.8 mph). 
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the nation to compete in the global market. The recent rise of online shopping services has 

drastically driven up demand for small package home delivery of food, clothing, electronics and 

other consumer goods. At current rates, online purchases requiring fast package deliveries to 

homes are predicted to represent over 20% of all retail purchases by 2025. This will result in a 

critical need to handle the transportation and delivery of an enormous number of packages in a 

rapid, efficient, and sustainable manner. 

 

Personal Transportation 

Typical households in the US today exhibit mobility patterns based upon the usage of a small 

number of owned vehicles. Examples include transporting children to school and commuting to 

work on a daily basis. Future autonomous vehicle transport could drastically improve mobility 

for children and for elderly and handicapped persons who are currently dependent upon human 

assistance for their access to transportation services. Robotic technologies that will drive the 

future development of near-autonomous and autonomous vehicles include better sensing and 

perception, especially under bad weather and hazardous conditions. The problem of handover 

from autonomous control to human operation is a problem of human-robot interaction, sharing 

situational awareness of the road between robot and human operators. 

 

The use of connected communication systems including vehicle-to-vehicle (V2V), vehicle-to-

infrastructure (V2I), and with other entities (V2X), provides an opportunity to enable better 

transportation services by integrating information across larger scales than is currently possible. 

By augmenting the local sensors onboard individual vehicles with knowledge about road and 

traffic conditions beyond the line of sight, future connected vehicles will be endowed with the 

ability to navigate dense and congested areas safely and more efficiently. Critical robotic 

technologies for connected vehicles include better mapping capabilities and multi-agent planning 

and coordination techniques. 

 

Robotic technology has the potential to impact and transform public transit systems. Traditional 

modes of public transportation (buses, trains, subways, light rail, etc.) will be enhanced with 

autonomous technology and also augmented with shared autonomous vehicles for shorter trips. 

Technology to better measure traffic patterns and predict demand will be used to optimize 

dynamic routes and schedules. There is also a critical need to provide safety guarantees from 

real-time sensors and controllers. Development of large-scale remote presence systems are also 

needed for efficient monitoring and to provide for rapid response in emergency situations. 

 

Emerging personal mobility systems 

Innovative forms of personal mobility platforms have recently emerged in recent years, such as 

scooters, e-bikes, and personal aircraft. These new platforms will require robotic technologies to 

facilitate widespread adoption, including autonomous stabilization controllers and accurate 

localization and mapping for user-friendly and safe navigation. Another important technology 

will be improved batteries along with intelligent power management systems that deftly plan and 

manage the power systems using onboard sensor information. When these new forms of 

transportation are deployed in dense population centers, efficiently coordinating and safely 

planning the movements of multiple vehicles in congested byways will also be a critical need. 
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Freight 

Robotic technology will facilitate the future movement of freight across the US using a variety of 

transportation modes. It is certainly possible that air freight systems will be remotely operated 

incorporating more automated systems in the near term future. Benefits of these air freight 

systems include not having to pressurize pilot compartments, setting trajectories that do not have 

to account for human comfort parameters, and enabling more flexible routing schedules. 

 

Currently, freight being transported by trucks involves high fuel costs in addition to releasing 

emissions that are harmful for the environment. Robotic technology will expedite tightly coupled 

truck conveys across long distances to significantly reduce air resistance for freight delivery and 

will significantly mitigate these costs. 

Home delivery systems 

The ever increasing demand for home delivery from the rapid growth of online retail in the US 

implies that future delivery systems will have to become more automated and utilize novel forms 

of locomotion. Future possibilities include wheeled robots for curbside delivery, legged robots to 

carry packages to the door, and aerial robots for deliveries through the sky. These robots will 

also need to be tightly coupled to highly efficient logistical systems in order to reduce package 

delivery times [See Section 2.2]. 

 

2.4. Quality of Life 
 

Robots can be used to improve the quality of life for Americans. There is an increasing need for 

robot systems to assist people in their homes with activities of daily living (ADLs), with 

education, and with their healthcare and wellness needs. 

 

The population of the United States continues to age. In 2030, 21% of the population will be 

older Americans (65+), as opposed to 15% in 201821. By 2060, over 25% of the U.S. population 

will be over 65, with a tripling of people who are 85 and older. Robotics technologies can help 

our aging population to age in place (at home) while maintaining their quality of life, including 

enhancing mobility and strength, providing transportation, home-based healthcare, physically 

and socially assistive technologies, and robot-based rehabilitation.  

 

 

 

21 US Census Bureau, ñThe Greying of America: More Older Adults than Kids by 2035,ò 

https://www.census.gov/library/stories/2018/03/graying-america.html, accessed 1/24/2020 

https://www.census.gov/library/stories/2018/03/graying-america.html
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Figure 2.5 The age pyramid for United States[US Census 201822]  

 

Additionally, there are increasing caregiving and education needs as more children are diagnosed 

with developmental disabilities. Approximately one in 6 (17%) children in the United States 

have some form of developmental disabilities; the rate has risen steadily for over two decades23. 

In 2017, one in 59 children aged 8 were diagnosed with autism spectrum disorder (ASD) 24. 

Robots systems can improve educational outcomes for children with disabilities and learning 

differences (e.g., by teaching social skills to children with ASD) and provide support for ADLs. 

 

Quality of life advancements in home and service domains can be organized around three 

dimensions: (1) addressing the hierarchy of needs, (2) supporting the complete human lifespan, 

and (3) enhancing human capabilities (whether for independence or to develop beyond the 

current limits of human capability). 

 

 

 

22 https://www.census.gov/library/visualizations/2018/comm/historic-first.html 

23 Benjamin Zablotsky, Lindsey I. Black, Matthew J. Maenner, Laura A. Schieve, Melissa L. Danielson, Rebecca H. 

Bitsko, Stephen J. Blumberg, Michael D. Kogan and Coleen A. Boyle, Prevalence and Trends of Developmental 

Disabilities among Children in the United States: 2009ï2017, Pediatrics October 2019, 144 (4) e20190811; DOI: 

https://doi.org/10.1542/peds.2019-0811 

24 Baio J, Wiggins L, Christensen DL, Maenner MJ, Daniels J, Warren Z, Kurzius-Spencer M, Zahorodny W, 

Robinson Rosenberg C, White T, Durkin MS, Imm P, Nikolaou L, Yeargin-Allsopp M, Lee L-C, Harrington R, 

Lopez M, Fitzgerald RT, Hewitt A, Pettygrove S, Constantino JN, Vehorn A, Shenouda J, Hall-Lande J, Van 

Naarden Braun K, Dowling NF. Prevalence of Autism Spectrum Disorder Among Children Aged 8 Years ð Autism 

and Developmental Disabilities Monitoring Network, 11 Sites, United States, 2014. MMWR Surveill Summ 

2018;67(No. SS-6):1ï23. DOI: http://dx.doi.org/10.15585/mmwr.ss6706a1 
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Figure 2.6 The multiple dimensions of users and needs (developed by road-mapping team)25 

 

At the base of the hierarchy of needs26 are fundamental physiological needs like food, water, and 

sleep; the tasks that address these basic needs are described as Activities of Daily Living 

(ADLs). The canonical ADL list includes eating, dressing, hygiene, transferring or walking, 

bathing, and continence. Robots have the potential to improve peopleôs ability to independently 

complete all ADLs, reducing caregiver burnout, enhancing and making care more accessible, 

thereby improving quality of life for both users and caregivers. 

 

Robotics research has already made some advances in these areas. For example, researchers have 

investigated how robots can make eating a more seamless process for people with severe upper 

motor impairments. Researchers have investigated the use of robots for dressing and bed 

transfer. 

 

Assisting with these basic physiological needs requires close contact with people. Therefore, 

issues of safety come strongly into play. Robots must be strong and capable enough to 

manipulate objects, but safe enough to operate around people with limited mobility. Privacy 

challenges also come into play here, because robots will be privy to extremely personal 

situations. There are also challenges around adoption at the policy level (e.g., FDA approval) and 

at the personal level (e.g., will people want robots to help them with this task). 

 

Robots can both enable people with disabilities to have improved access and increased 

independence, and to bring new abilities and new levels of quality of life to non-disabled users. 

 

 
25 Icons from: https://www.iconexperience.com/g_collection/icons/?icon=baby, 

https://www.iconexperience.com/g_collection/search/?q=senior 

26 Maslow, A.H. (1943). "A theory of human motivation". Psychological Review. 50 (4): 370ï96. CiteSeerX 10.1.1.334.7586. 

doi:10.1037/h0054346  

https://en.wikipedia.org/wiki/Abraham_Maslow
http://psychclassics.yorku.ca/Maslow/motivation.htm
https://en.wikipedia.org/wiki/CiteSeerX
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.334.7586
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1037%2Fh0054346
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Instrumental Activities of Daily Living (IADLs or the Instrumental ADLs) are the activities 

performed by an individual on a day to day basis that are not essential to basic self-care and 

independent living but add quality to the way of life. These activities are not indispensable to a 

personôs survival and fundamental functioning, but they do let someone live independently in 

society and function well as a self-reliant individual. IADLs include food preparation and 

cooking, shopping, transportation, house cleaning and organization, and home maintenance 

Beyond allowing people with disabilities to have independence in their homes, robotics can 

provide new capabilities to users, such as helping to provide home security, protecting privacy 

by helping with sensitive tasks, or improving access to education and employment. 

 

  
Figure 2.7 The diverse set of aspects involved in quality of life research (source: Shutterstock) 

 

Robots can also assist with social connection and belonging in many different ways, in the home 

and through telepresence. However, much of the prior work in human-robot interaction (HRI) 

has focussed on short-term interactions. A major technical challenge for human-robot interaction 

is to create meaningful emotionally supportive interactions that can be sustained over extended 

periods of time such as months or years.  

 

Robots also have the potential to enable people to do work they could not (alone) otherwise.  

Examples include home improvements, carrying heavy objects, etc. In many circumstances, the 

ability to perform this work can provide a sense of independence and satisfaction with being able 

to perform tasks without asking for help from others. 

 

Robots may eventually be designed with capabilities that can help achieve an individualôs self-

actualization or the full realization of talents and potential of human beings. Robots like these 

might take the form of a Yoda-like figure, a life coach, a sage or a spiritual advisor.  

 

Ultimately, robots can increase access for people, as they provide a mechanism for people to 

engage and interact with the world in ways they may not be able to do on their own. To be useful 

in practice, robots need to be usable by people of all abilities and communities. This ranges from 

basic ensuring interactions with robots are accessible to inclusion and cultural appropriateness.  
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2.5. Clinical Healthcare 

Robots can assist hospital personnel in many of the stages of caring for patients, including 

surgical assistants, nurse assistants, therapist assistants, and direct patient assistants. 

Robot manipulators on mobile bases will need to efficiently plan and consistently perform fine 

manipulation and grasping tasks in unstructured and constrained environments.  Precision in 

motion and sensing allows more accurate orthopedic procedures.  Minimally invasive surgery 

tasks can be partially automated for teleoperated da Vinci surgical robots, such as suturing.  The 

new minimally invasive surgical method of steerable needles and concentric tube robots can be 

more precisely controlled by robots.  Magnetic microrobots can perform surgical tasks such as 

inspection, drug delivery, and cutting.  Camera pills with added magnets can be precisely 

controlled through the GI tract, including backing out when stuck. 

Many routine tasks for a patientôs hospital care can be performed or assisted with by robots, 

thereby offloading demands on aides and nurses throughout day and night. 

ǒ Patient assistant.  A robot can fetch items for a patient or pick up dropped items. A robot 

can assist a patient to reposition, get into and out of bed, go to the bathroom, or get up 

and walk around safely. 

ǒ Nurse assistant.  A robot can perform surveillance on a patient, to monitor activity 

throughout the day or note any difficulties the patient may be having. 

After surgery or other interventions, a physical therapist can be assisted by a robot to perform 

routine repetitive motions and measure progress quantitatively through motion tracking.  The 

robot can assist with fall prevention and lifting the patient to protect the therapist from heavy 

loads. 

With robots able to perform these tasks, a natural next step is telemedicine and remote treatment. 

Motivational statistics. 

Healthcare in the United States comprises nearly 18% of the GDP, making it larger than any 

other sector of the economy. In-patient care accounts for about ӎ of this total -- more than 1 

trillion dollars annually. Healthcare is also highly labor intensive with 12% of the US workforce 

directly employed in healthcare, which does not account for related industries such as laboratory 

services or medical device companies. Healthcare touches everyone -- over 20% of the worldôs 

population has a motor, cognitive or sensory impairment, the average American will have more 

than 9 surgical or interventional procedures, and In 2012, there were 36.5 million hospital stays 

in the United States, with an average length of stay of 4.5 days and an average cost of $10,400 

per stay. 

Over the past decade robotics has begun to make inroads in in-patient healthcare. More than 

5,000 robots have been deployed in hospitals for logistics tasks such as delivery of meals, 
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beddings, and medicine27. Systems designed to provide support or treatment for the disabled, 

those undergoing rehabilitation, and the aged are also seeing transition into practice.  

Robotics is poised to have even larger transformational impacts in the healthcare industry due to 

their ability to extend, augment and quantify healthcare activities. Since its inception roughly 30 

years ago, robotic surgery has grown to the point that it is now the standard of care in multiple 

common procedures. Growth continues to be rapid with an increase of 18% from 2018 to 2019 

with well over 1 million robotic minimally invasive surgical procedures performed. Looking 

ahead, robotics provides both a platform for new forms of surgical augmentation and quality 

improvement. Robotics effectively creates physical and computational aids that project the eyes, 

brain, and hands of an interventionist into the human body. However, in the process of doing so, 

a robot becomes a mechanism for measuring and quantifying surgical performance itself.  

The ramification of this new form of ñsurgical data scienceò is manifold. From the patient 

perspective, it is a mechanism for precisely quantifying what happened to that patient in that 

surgery -- effectively the ñdoseò of surgery provided to that patient.  From the clinician 

perspective, this provides a platform for both learning and augmentation using data aggregated 

across thousands of surgeons and millions of procedures. This will improve the training and 

learning curve of surgeons, as well as providing immediate decision support and means for 

retraining and quality improvement in surgery.  At the system level, this provides a means to 

study the effectiveness of surgery and to relate performance to patient outcome.  This in turn will 

have immense implications for both the science used to define models for care, and for studies 

that determine the cost-benefit tradeoff for reimbursement of interventional procedures.  

Robotic systems such as the MIT-Manus (commercially, InMotion), Lokomat (Hocoma) and 

Proficio (Barrett Medical) are also successfully delivering physical and occupational therapy. 

Rehabilitation robots enable a greater intensity of treatment that is continuously adaptable to a 

patientôs needs. They hold the potential to amplify the impact of physical therapists through a 

greater number of hours spent in therapy, and in some scenarios have already proven more 

effective than conventional approaches, especially in assisting recovery after stroke, the leading 

cause of permanent disability in the US.   

Such systems can play a therapeutic role not only for movement disorders (such as those 

resulting from stroke, traumatic brain injury, and other trauma) but also as intervention and 

therapeutic tools for social and behavioral disorders including autism spectrum disorder, ADHD, 

and other pervasive and growing disorders among children today. We also have seen emergence 

on the commercial market of human-operated wheelchair-mounted robotic arms with FDA-

approval (e.g. the JACO from Kinova Robotics). 

 A large part of the cost of hospitalization is in patient care. After the patient returns home, it 

becomes difficult to continue the quality of care received in the hospital, due to the absence of 

trained nursing staff and adequate facilities. Both the cost of hospitalization and the disruption in 

care at home can be alleviated by transporting a nursing assistant robot home with the patient, 

after the patient has familiarized with the robot care during the hospital stay. A nursing assistant 

 

 

27 World robotics 2019, International Federation of Robotics, Volume 2 - Service Robotics.  
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robot might handle tasks including but not limited to fetching objects, feeding the patient, taking 

the patient to the lavatory, dressing the patient, washing the patient, and general assistance with 

the activities of daily life. Robot assistants should be designed in a way that upholds the dignity 

of the patient in the same, if not more prudent, way that a nursing assistant would. Daily tasks 

that the patient feels sensitive handled by a judging human eye can be better handled by a robot, 

provided that the interaction is designed to be positive, constructional, yet impersonal to an 

extent. 

2.6. Feeding the planet 
 

Food represents about 12.9% of the average household expenditure in the US and accounts for 

close to 6% of the GDP or $1.053 trillion (2019). Food and agriculture also represent about 11% 

of the employment in US (according to USDA28). More than 9 billion chickens, 241 million 

turkeys, 131 million hogs, 33 million cattle and calves were processed during 2018. That is 317 

animals processed per second. Meat, wine and dairy are the three major sectors of the domain in 

terms of employment. In comparison the fishing industry is the smallest sector. In particular the 

fruit and vegetable industry has a strong reliance on a migrant workforce.  

 

 
Figure 2.8 Using UAVs for maintenance of a field (Source: ShutterStock) 

 

Over the last couple of decades there has been a growing interest in use of robots as part of food 

processing. The spectrum covers all aspects of food processing for planting seed in the ground 

over weed removal to picking mature fruit/vegetables. More than 10 years ago John Deere29 

presented the concept of a driverless harvester / tractor. The idea was to enable farmers to task a 

vehicle to maintain crops without requiring a driver to be inside the vehicle mainly supervising a 

large autonomous operation. So far these vehicles have seen little real deployment. In general 

robots have been applied to precision agriculture, weed control, nursery automation and 

harvesting. Precision agriculture is used to monitor crops, collect data and apply fertilizer. Weed 

 

 

28 https://www.ers.usda.gov/topics/food-markets-prices/processing-marketing/manufacturing/ 

29 https://www.deere.co.uk/en/agriculture/future-of-farming/ 
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control is either mechanical weeding or delivering small amounts of herbicides to weeks. 

Nursery automation includes managing weed, transportation and monitoring. Drones are starting 

to be used to map out orchards to monitor the state of growth. The cost of a drone is typically too 

high for a single farmer but as "drone as a service" evolves it is increasingly an economically 

viable option for farmers. Today the estimate is that farmers can afford $5 per acre for such 

services30.  As such a modest amount of automation has so far been introduced for use in the 

field. There is a significant potential for automation in the field, especially in a time when a 

migrant workforce is harder to get by.  

 

It may be surprising to some but one of the largest areas in field robotics is milking of cows. This 

is a billion-dollar industry. More than six thousand milking robots are sold annually. The milking 

robots typically reduce the cost of milking a cow by 10% and at the same time the machines 

allow for milking 24/7 with minimum supervision. This is an industry that is seeing 10% annual 

growth.  

 

Processing of meat is another area that has seen some growth. The main challenge has been the 

high rates of processing and to compete with skilled labor. As progress on vision and force-

torque sensing evolves there is a tremendous opportunity to increase automation.  

 

The World Bank states that the world will have to produce 50% more food by 2050 if the global 

population continues to rise at its current pace Over the next 15 years, global demand for meat is 

expected to increase by 40% triggered by a growing number of people adopting protein-rich 

diets. Crop yields will have to rise by at least as much as crop demand to avoid further 

encroachment of cropland into natural habitats.31 

 

Access to affordable automation that will allow increase in productivity will be essential to 

enable wider use of robotics and automation in the food sector.  

 

2.7. Security and Rescue Robotics 
 

National Security 

A primary role of the US Government is to protect the wellbeing and standard of living of its 

citizens and permanent residents.  Some of the large and important tasks that must be done to 

carry out this role are to: prevent illegal immigration and drug smuggling, maintain robust 

national infrastructure, and find safe efficient travel zones during large-scale disasters (such as 

wildfires, hurricanes, and floods).  A prerequisite for doing each of these tasks effectively and 

efficiently is real-time surveillance and inspection of millions of acres of land and waterways and 

public infrastructure built upon them along our borders, in fire and flood zones, and the spaces in 

which public infrastructure are built.  While these areas can be seen by satellites, swarms of 

sensorized robots coupled with 5G communications offer the possibility of obtaining data that 

 

 

30 World Robotics,, Section 3.2.1.1, International Federation of Robotics, 2019 

31 Blomqvist, L.; Douglas, D.: Is Precision Agriculture the Way to Peak Cropland? The Unsung Hero of 

Agricultural Innovation, The Breakthrough Institute, December 2016, http://thebreakthrough.org/issues/the-future-

of-food/is-precision-agriculture-the-way-to-peak- cropland.  
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satellites cannot gather, and gathering it at high resolution and in real-time.  For example, 

satellites cannot ñseeò under trees or bridges, measure concentrations of hazardous chemicals, or 

track the front of a wildfire in real-time.  Future semi-autonomous robots will be able to gather 

such data and use it to aid public servants who keep our borders secure and our infrastructure 

operational; and do so more quickly and efficiently, thus saving lives, reducing economic loss, 

and reducing the cost of the operation. 

 

 
Figure 2.9 Example application of a security robot (Source: Shutterstock) 

 

Infrastructure Inspection and Maintenance 

The American Society of Civil Engineers estimates that to rehabilitate the Nationôs infrastructure 

to a level necessary to maintain global economic competitiveness and public safety by 2025 the 

Nation must spend $200 billion per year more than it is currently spending 

(https://www.infrastructurereportcard.org/).  This calculation covers all core infrastructure, 

including transportation networks, waste disposal, and fresh water and power distribution.  

Robots can help with rehabilitation by inspecting existing many facilities with greater coverage 

and detail than human workers.  They can inspect structural members of bridges and powerline 

towers, find defects in road surfaces and above-ground pipelines, spot dangerous debris floating 

in waterways, and many other things.  Swarms of future autonomous robots with advanced 

perception algorithms and natural human interfaces have the potential to allow workers to 

inspect all critical infrastructure.  The data gathered could be sent to a command center for 

processing to identify high-priority repairs or upgrades and which require repair by humans.  

Preliminary processes could be done on location to identify simple repairs that robots could do 

autonomously. 

 

Evacuation in Large-Scale Disasters 

The number of acres burned worldwide is increasing with global warming.  Firefighting costs 

and damages are rising steadily.  Cost of fighting U.S. wildfires topped $2 billion in 2017.  Over 

the last 20 years, the fraction of the budget of the National Forest Serviceôs spent on firefighting 

has increased from 15% to 50%.  One consequence of this spending shift has been the reduction 

https://www.infrastructurereportcard.org/
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of fire prevention work, such as controlled burns, which increases the chance of large wildfires32.  

In California alone, in 2018, more than 58,083,000 wildfires burned 8.8 million acres causing an 

estimated total economic loss of $400 billion to the state of California33 making it the most 

expensive natural disaster in the history of the United States.  The Camp Fire in Northern 

California wiped out the town of Paradise, killing 85 people in the process, making it the 

deadliest in California history. It was the world's costliest natural disaster in 2018 causing $16.5 

billion in damage34. 

 

 
Figure 2.10 Scenario for rescue workers collaborating with robots (Source: Ye Zhao) 

 

Swarms of future autonomous robots with advanced perception algorithms have the potential to 

allow real-time tracking of fire fronts, prediction of firefront movements, and road and terrain 

conditions to compute the safest evacuation routes. Evacuation routes that could be planned with 

the data are not restricted to roads, but could be planned through rough terrain that could help 

firefighters reach safe zones.  This could eliminate a leading cause of firefighter death - 

entrapment35.  

 

 

 

32 https://www.reuters.com/article/us-usa-wildfires/cost-of-fighting-u-s-wildfires-topped-2-

billion-in-2017-idUSKCN1BQ01F 

33 https://www.accuweather.com/en/weather-news/accuweather-predicts-2018-wildfires-will -

cost-california-total-economic-losses-of-400-billion/432732 

34 https://www.thebalance.com/wildfires-economic-impact-4160764 

35 https://www.nwcg.gov/sites/default/files/publications/pms841.pdf 
 

https://www.iii.org/fact-statistic/facts-statistics-wildfires
https://www.iii.org/fact-statistic/facts-statistics-wildfires
http://www.fire.ca.gov/current_incidents/incidentdetails/Index/2277
http://www.fire.ca.gov/current_incidents/incidentdetails/Index/2277
https://www.usatoday.com/story/news/2019/01/08/natural-disasters-camp-fire-worlds-costliest-catastrophe-2018/2504865002/?utm_source=usatoday-Climate%20Point&utm_medium=email&utm_campaign=narrative&utm_term=article_body
https://www.usatoday.com/story/news/2019/01/08/natural-disasters-camp-fire-worlds-costliest-catastrophe-2018/2504865002/?utm_source=usatoday-Climate%20Point&utm_medium=email&utm_campaign=narrative&utm_term=article_body
https://www.reuters.com/article/us-usa-wildfires/cost-of-fighting-u-s-wildfires-topped-2-billion-in-2017-idUSKCN1BQ01F
https://www.reuters.com/article/us-usa-wildfires/cost-of-fighting-u-s-wildfires-topped-2-billion-in-2017-idUSKCN1BQ01F
https://www.accuweather.com/en/weather-news/accuweather-predicts-2018-wildfires-will-cost-california-total-economic-losses-of-400-billion/432732
https://www.accuweather.com/en/weather-news/accuweather-predicts-2018-wildfires-will-cost-california-total-economic-losses-of-400-billion/432732
https://www.thebalance.com/wildfires-economic-impact-4160764
https://www.nwcg.gov/sites/default/files/publications/pms841.pdf
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Border Surveillance 

Billions of dollars are spent annually to secure the Nationôs borders.  The US Department of 

Homeland Security (DHS) spends about $4 billion annually on its border patrol operations and 

the Coast Guardôs annual budget is about $11 billion per year36.  The border of the US is 

thousands of miles long - too long for thorough surveillance by active-duty enlisted members of 

the Coast Guard and border patrol agents.  Therefore, despite these expenditures, large amounts 

of illegal drugs enter the US every year, decreasing the Nationôs productivity and increasing 

crimes and their associated costs to the public. The economic cost of drug abuse was estimated in 

2007 (the last available estimate) at $193 billion; $121 billion is due to lost productivity (time in 

incarceration, drug abuse treatment centers, etc.), $11 billion due to associated healthcare costs, 

and $61 billion due to criminal justice, incarceration, victim costs, etc.)37. 

 

Swarms of future autonomous robots with advanced perception algorithms and natural human 

interfaces have the potential to allow workers to monitor the entire border, from the air and 

underwater.  Border security personnel will be able to command missions by fleets of 

autonomous robots and ensure complete accurate coverage of the border.  Using advanced AI 

techniques, the robotsô perception systems will learn to continuously improve their abilities to 

identify people and boats attempting to cross the border illegally. 

 

  

 

 

36 https://www.americanimmigrationcouncil.org/research/the-cost-of-immigration-enforcement-

and-border-security 

37 https://obamawhitehouse.archives.gov/ondcp/ondcp-fact-sheets/how-illicit -drug-use-affects-

business-and-the-economy 

https://www.americanimmigrationcouncil.org/research/the-cost-of-immigration-enforcement-and-border-security
https://www.americanimmigrationcouncil.org/research/the-cost-of-immigration-enforcement-and-border-security
https://obamawhitehouse.archives.gov/ondcp/ondcp-fact-sheets/how-illicit-drug-use-affects-business-and-the-economy
https://obamawhitehouse.archives.gov/ondcp/ondcp-fact-sheets/how-illicit-drug-use-affects-business-and-the-economy
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3. Mapping Societal Drivers to Research Challenges 
 

In this section the main obstacles to societal progress are identified and discussed based on the 

discussion in Section 2. Initially the various application domains are analyzed and based on this 

the obstacles to progress are mapped onto current/future research challenges.  

 

3.1 Identifying challenges to growth / progress 
 

3.1.1 Manufacturing 

 

A key factor in the introduction of automation into manufacturing is always cost. The business-

case has to make sense and the margins / rates in a manufacturing plant are often a challenge. 

There is thus a need to consider how the cost of installation, operation, and maintenance can be 

optimized.  

 

In recent years there has been a push towards a higher degree of customization. As mentioned in 

Section 2.1 cars are now available in millions of different configurations. As such manufacturing 

is very much becoming a high-mix / low volume environment. There is a large number of 

different variations and every item manufactured is different from the previous unit.  

 

In manufacturing safety is always a major objective. The introduction of collaborative robots 

around 2005 changed the setup of factories. Prior to that there was typically a physical barrier 

between robots and humans on the factory floor. The new collaborative robot systems allow for a 

more flexible cooperation between humans and robots. They can exist in the same space and it is 

possible to dynamically interact through careful design. Today collaborative robots are almost 

exclusive used for smaller payload tasks. Safety will remain a major focus as the possible set of 

applications is expanded.  

 

Today there are only about 1 robot for every 50 

workers in manufacturing. A challenge to adoption 

in particular for small and medium sized 

companies is the time for setup for a new task. 

There is a need to make the system easy to set up 

for a new task. The setup time should ideally be 

shorter than the task time.  

 

Finally, there is a need to make it simple to use 

automation / robotics for all the users. Today it is 

often required that operators spend significant time 

in training to be able to operate and/or do basic 

teach-in. Ideally the process of use of technology 

should be effortless.  
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3.1.2 Logistics 

 

Logistics has seen tremendous growth over the last decade. One of the big challenges in logistics 

is the tremendous variability across the items handled. As an example, a normal US grocery store 

has more than 45,000 items in inventory all of them are delivered through a standard supply 

chain. FedEx handles 10 million packages per day38. Amazon at it peak ship more than 25 

million units per day. Consequently, there is a tremendous need to handle high variability and 

every item is likely to be different from the next.  

 

Obviously as the logistics is expanded it is essential that the system be safe at all levels from 

handling items in distribution center to last mile deliveries on residential streets. The COVID-19 

pandemic has clearly shown a significantly increase in home deliveries for basic groceries and 

meals to all things e-commerce.  

 

The logistics sector has traditionally seen a significant turn-over in the workforce. Some 

companies see a new person in every sorting position 3.5 times year. Consequently, there is 

limited if any time available for training of the 

workforce and it is essential that use of equipment is 

effortless.  

 

Introduction of automation has the potential to provide 

significant savings in terms of throughput, 24/7 

operation, and streamlining operations. However, it is 

essential that the systems have a robust performance. 

Minutes of downtime can be extremely costly and 

given how streamlined processing is the down-stream 

disturbances can be significant.  

 

With the expansion of logistics to handle packages, 

meals, groceries, etc the diversification drives down 

prices. The cost of any new technology will have to be 

carefully considered to ensure capitalization over a 

reasonable period of time.  

 

3.1.3 Transportation 

 

Over the last 10 years a small revolution in transportation has taken place. Cars with some 

degree of autonomy have entered the market such as the Tesla. TuSimple are testing 4 autonomy 

for daily for logistics transport between Phoenix, AZ and Houston, TX. In addition, UAVs have 

started deliveries of critical items such as blood samples. UAVs are also tested for early response 

as part of the 911 system (early testing in Chula Vista, CA). The transportation sector is 

 

 

38 https://www.statista.com/statistics/878600/fedex-ground-average-daily-package-volume/ 
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