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Abstract: Humanoids are increasingly becoming capable bicédly inspired robots that are
appearing and behaving lifelike. Making humanii@bots is the ultimate challenge to biomimetics
and, while for many years they were consideredianse fiction, such robots are increasingly
becoming engineering reality. Progress in prodyanoch robots are allowing them to perform
impressive functions and tasks. In 2012, in aaretb promote significant advances in developing
humanoids, DARPA posed a Robotic Challenge to predsuch robots that operate in disaster
scenarios towards making society more resilietie dhallenge was focused on the requirements that
have been needed after the Fukushima accidentpanJdoping to advance the field of disaster
robotics. This disaster posed significant challsnge emergency responders since radiation
prevented people from going into the station andtiug the explosive gas. Another significant
development in this field is the fact that major &f8porations have entered into the race to produce
commercial humanoids. As a result, one can expigaificant and rapid progress in this field.
Developing humanoids is critically dependent of tlse of highly efficient, compact, lightweight
actuators and electroactive materials are offegne@t potential. This paper reviews the statdief-t

art of humanlike robots, potential applications ahdllenges, as well as the actuation materiats tha
are used or could be used.

Introduction

Making humanlike robots is the ultimate challengebtomimetics and increasingly they are
becoming an engineering reality as robots thabalaving lifelike. The progress resulted from the
significant capabilities that were developed intblated technology particularly in microelectranic
and control software enabling robots to performnesgive functions and tasks. However, there are
still many challenges to their development inclgdthe required power that limits the operation
duration and the fact that their actuation mechmsiare relatively heavy and limited in dexterity.

In an effort to promote significant advances in mwids technology and making society more
resilient, the USA’s Defense Advanced ResearclreBtejAgency (DARPA) posed in 2012 a Robotic
Challenge to produce such robots that operatesiastiér scenarios. The challenge was focused on
the requirements that were needed after the Fukiashccident in Japan, where there was limited
access to emergency responders as a result okttieenely high radiation around the failed nuclear
plant. In response, various humanoids were deeeldpat participated in the DARPA Robotics
Challenge (DRC) contests that were held in 2013201cb.

In parallel to the DRC, DARPA also posed an endegarhallenge for the development of robots.
The challenge consisted of giving the robot a fulharged battery and setting it up to walk on a
treadmill (tethered for safety but otherwise sefiained) till the battery runs out of charge and
determine how far and how long the robot walkechdér funding from DARPA, the robot called
DURUS was developed by Sandia National Labs andi@Binational that addressed this challenge.
The key goal in developing this robot has beerrtd Ways to improve the operation efficiency by
determining approaches to reducing losses in actuaf walking robot. The components that are
examined for the effect on the efficiency includeptors, mechanical transmissions, motor



controllers, electrical wiring, kinematics, dynasjigvalking gait, etc. The biggest improvement that
has been made was the enhancement of the walkihgvhéch instead of using quasi-static robotic
gait to keep the robot’s center of mass balancesalis feet, it was made to walk dynamically like
a human. New software control algorithm has bemmeldped to support the mobility of the DURUS
by having it intentionally falling forward and cdastly catching itself via taking steps.

Another significant development in the field of hamoids is the fact that major corporations in
the USA have entered into the race to produce camiaidiumanlike robots. As a result, one can
expect significant and rapid advances in this fieWhile improvements are being made in many
field that are enabling very sophisticated and bigeobots, there is still a critical need for High
efficient, compact, lightweight actuators and eleattive materials are offering great potential. |
this paper a review is given about the state-ofattief humanlike robots, potential applicationsl an
challenges, as well as the actuation materialsatteatised or could be used.

The need for robots in humanlike form

The development of robots that look like humarnigtisnded to make them as useful as possible
by designing them to fit our average body sizepshand capabilities [1, 2]. In a human-like
configuration the robot would be able to listerusoat eye level, reach door handles, climb stsiirs,
on chairs, drive cars and perform many of our ofbactions and tasks. These capabilities would
make them effective helper in our home, workplaice,tools we use, the car we drive and reach the
height at which we keep our possessions. Moredwsrhighly desirable that the robot would speak
our language to make the communication simplenceiwe respond intuitively to body language
and gestures, it is essential that the robot is ttbinake facial and body expressions.

Generally, it is argued that a human-like formhis inost efficient for having humans teach robots
(for example, motion capture or using a demonsindthat the robot then imitates), which may play
a fundamental role in making robots more intellig@h It is interesting to note that children &yd
are spending more time with smart phones, tabtetxamputers than with peers of their own age or
with others. These makes them have less devekpgdl skills and with poor understanding of the
body language cues that were taken for grantedriby puman generations. This concern may be
addressed by incorporating human-like robots irdacation, therapy, or games while providing
realistic simulation. Also, robots that are hunitenhre already being used for treating childretmwi
autism and the reported results show great profjse

Making a human-like robot

Several key technologies and mechanisms are emiséoticonstructing a lifelike humanoid
including the materials, actuators, sensors, sroarttrols, hands and legs for mobility and
manipulation, hearing and verbal communicationirgeand image interpretation, as well as collision
and risk avoidance capabilities [1]. The robot reechave effective control and artificial intettigce
algorithms to operate humanlike and interact wighenvironment and with humans. Also, it needs
to have parts and functions that are as similgoasible to those of a real human including:

Head, face, skin and brairBesides appearance similarity, the head is usettheahousing of the
sensors that help the robot operate safely imiezaction with humans and the surrounding. Video
cameras are used to provide vision and communitatiees from facial expressions for acting
socially appropriate. Microphones are used to peedsound and speech content, while acoustic
receivers acquire information about the type areldiection of the sound sources. The verbal
communication is interpreted by speech recognéaiath the sophistication of the related software has
been advanced already to the level of “understafidinndreds of words [1]. To communicate with
humans, voice is synchronized and synchronized hpitmovements and body gestures to generate
lifelike speech. The head can also include anicgifnose and tongue to provide the robot with
information about the smell of odors and the ta$tbjects.




The robot’s head has a face that provides theiigleast well as the facial expressions that convey
verbal and the nonverbal communication. It isre$éing to note that robots are already making
realistic facial expressions that make them sigaiftly more lifelike [1]. Humans are visual
creatures and our ability to recognize faces anaif@xpressions is hardcoded within our nervous
system. For this reason, mimicking our face’s apg®ae, shape and movements is essential for
creating lifelike expressions.

Progress in materials science have led to covefingbots that is increasingly being humanlike.
The artificial skins are made to look and feel l&diving person enabling to be highly elastic and
create facial expressions without residual defoimnatOne of the notable developed artificial skins
is Frubber [5] and an example of a robot head witth a skin is shown iRigure 1. This rubbery
material was demonstrated to require minimal f@acd power and produce naturally looking large
deformations. The robot head that is showRigure 1 serves as a platform for engineers worldwide
who are developing artificial muscles and neece$b their developed actuator [6].

A microprocessor is used to control the operatiothe robot and it acts as the equivalent of the
human brain. Software is used to control the djrand functions of robots, including the molilit
image processing, verbal communication, body lagguend facial expressions, as well as many
other tasks and functions that the robot needstimgm.

Figure 1: Using Frubber, a human-like head that makes fasiptessions was produced as a
platform for testing artificial muscles. This hethat was created by David Hanson, Hanson
Robotics, has been photographed by the authorlaflJi#s head is located at the author's NDEAA
lab, Jet Propulsion Laboratory (JPL)/Caltech, PasadCA, USA.

The appendagesike humans, humanoid’'s appendages include dmargls and legs, and they

have the same functions [1]. However, even thdbgke are easy functions for humans, in robots
they are quite difficult to control. The progresslynamic balance control and bipedal operation
led to making them more stable when walking [7¢n$&rs are mounted on the legs, arms and
hands to support the control of the operation efdppendages in walking, carrying object and
manipulating them as well as avoiding obstaclesesg includes sensors that are used to determine
the grip pressure, and to interpret tactile impogss Spinoff the success in making humanlike
robotic hands, arms and legs for robots has bewefiisabled humans with the development of
highly effective and lifelike prosthetic&igure 2).




Figure 2: A prosthetic arm that waé developed under a DARRAyram. The photo was taken by
the author at the DARPATech that was held in Anaih&A, 7-9 August, 2007.

Actuators and artificial musclesActuators are functioning in robots as the equiviatd biological
muscles to mobilize them and allow for manipulatthgir arms and legs. Electric, pneumatic,
hydraulic, piezoelectric, shape-memory alloys alichsonic actuators are generally used to drive
mechanical functions of robots. To produce the enoents of humanlike robots, electric motors are
widely used. However, the mechanism that drivestdat motors is quite different than our natural
muscles. Addressing the key control requirementsrfaking a robot operates lifelike requires the
use of actuators that emulate more closely theatiperof our muscles. Specifically, natural muscle
are both compliant and linear in behavior [8]. Twuators that are the closest to do so are the
electroactive polymers (EAP) and, for this reasbay are referred to as “artificial muscles” [1, 6]
Many of the EAP materials that are known today haeen discovered and emerged in the 1990s.
However, they are still weak with regards to theaipability to make actuators perform significant
mechanical tasks including lifting heavy object® recognition of the need for international
cooperation, the author initiated and organizellanch 1999 the first annual international EAP
Actuators and Devices (EAPAD) Conference [9]. Alde author posed at the opening of this
Conference a challenge to scientists and engineatdwide to develop a robotic arm that is
actuated by artificial muscles to win an arm-wiagtimatch against a human opponent (see the
icon of the match inRigure 3).

Figure 3: The icon of the challenge for artificial musclesatin arm-wrestling match against a
human opponent.

On 7 March 2005, the first contest was held whet&-gear old high school female student
represented humans in an arm-wrestling match. eTBAP actuated robotic arms participated and
the girl won against all of them. In the secormu-a&restling contest, which was held on 27
February 2006, rather than wrestling with a humgponent, a custom-made measuring fixture was
used. The fixture allowed for testing the EAP-at#al arms for speed and pulling force and for



performance comparison baseline, the capabilith@ftudent from the 2005 contest was measured
first. It is interesting to note that the 2006uks showed that the capability (force and speéd)

the EAP actuated arms has been two orders of mafgnibwer than that of the student. No other
contests were held since the second one in 200&\fey, the weakness of EAP as actuators of
mechanisms is still a challenge. Once sufficieiviaaces are made in EAP capability to make them
faster and stronger that EAP-actuated robotic aanpspfessional wrestler will be invited for a
human/machine wrestling match.

The DARPA Robotics Challenge (DRC)

To advance humanoids capabilities, the DARPA RaBldiihallenge (DRC) was posed in 2012.
Generally, DARPA is an agency that is focused onugating innovation by focusing on short term
efforts through posing challenges that are not ssjixde and have high risk with tremendous potential
payoffs. They take specific technology that is@dtready and, by defining a challenge, important
advances and breakthroughs are being made. Astadexample, in addressing the 2004 challenge
to develop driverless vehicle, the first race haanyncars crashed immediately, and the most
successful one traveled a distance of only 7 nulgsof the 150-mile goal before it got stuck on a
rock with its wheels caught on fire. However, e following year, five teams finished the course.
The success has led to the point that this yeaogl@o Tesla, Uber, and possibly Apple are all
involved with the development of autonomously dniars.

In 2012, under the lead of Pratt Gill, DARPA soutghaidvance the state of the art of humanoids
by challenging roboticist to develop them to operat disaster scenarios that would make society
more resilient. Specifically, the DRC was focusedthe requirements that were needed after the
Fukushima nuclear plant accident in Japan. Thengtradiation from the accident prevented the
emergency responders from entering the stationvanting the explosive gas. Unfortunately, the
capability of the available robots in those daysldon't operate the required machinery and toolsieve
if they could pass though the physical obstacles stood in their way. To better assist in such
disasters, the DRC was launched as a competitidiuimanoids to navigate in terrain conditions that
are designed for humans. Specifically, the chglemas intended to lead to the humanoids that can
assist humans in responding to natural and man-utiadsters while operating in extremely difficult
conditions.

The prized DRC sought to have semi-autonomous sontl remote human operators work
together in a simulated disaster environment. Hwids were created that varied widely in size and
shape, including legged, wheeled, and hybridsetwo. The participating teams represented some
of the most accomplished robotics R&D organizationthe world and they collaborated on a very
short timeline to develop the required hardwardtwaoe, sensors, and human-machine control
interfaces. This development enabled their rotmtomplete a series of challenging tasks selected
by DARPA for relevance to disaster response. TREIRontests that were held are as follows:

1. June 2013 - The Virtual Robotics Challenge (VRG}ad software teams’ ability to effectively
guide a simulated robot through three sample tasésvirtual environment.

2. December 20-21, 2013 - The DRC Trials took placElarida, where teams guided their robots
through eight individual, physical tasks that tdstéeir mobility, manipulation, dexterity,
perception, and operator control mechanisms.

3. June 5-6, 2015 - The DRC Finals took place in ©aiifi. This event required robots to attempt
a series of consecutive physical tasks, with degtasbmmunications between the robots and
their operators.

The DRC goals and accomplishments

The 2013 DRC Trials provided DARPA with a baselimethe state-of-the art of relevant robots
as well as ranked the competing teams for selethiadest ones to continue receiving funding for
advancing their potential. DARPA understood thatprogress will be slow and the process will be
similar to baby steps of learning how to walk amgfact with the world while stumbling and falling
in the process. In the 2015 Finals, three teaausthe perfect scores and the tie was broken by



comparing their total performance time. The filgige went to the South Korean team, KAIST, and
their DRC-Hubo robotKigure 4), the second place went to IHMC for their ATLASriing Man,
and third went to the Tartan Rescue robot of CMUBEER Overall, the robots performed better than
in the DRC Trials. However, there were varietyalures and they highlighted the difficulties that
have remained, including the Running Man robot feditover while waving to the crowd after
successfully completing all eight tasks.

The teams made impressive progress beyond the giojaint-by-joint teleoperation, however
the robots only had basic operation autonomy levdisen though the robots were shaped like
humans, they were operated by people with sombéeotdams had eight or nine operators having
each member focusing on a separate task of the’sadEnsory system. The human assistance was
intended to address the difficulty of robots witlrgeption and object recognition in unstructured
terrains. The viewers of the competition could aatid reaching the conclusion that the technology
is still limited since most of the thinking and peption is done by humans behind the scenes. The
DRC pushed the teams to greater robotic autononadding a further challenge: once they entered
the interior portion of the course, the communaatbetween the robots and their human operators
deteriorated. For many tasks, especially climbitagrs, it was important that the robot had the
capability to see its own feet since they lackega@ther kind of sensors for determining feet positi
and contact to the stairs. It is interesting ttertbat big robots had hard time bending their baaly
maintaining balance.

et

Figure 4: The DRC-Hubo robot of the South Korean team, KBI®on the first prize in the 2015
DRC Finals. The robot's upper body can rotate ukBtbdegrees, which is quite helpful capability.

Also, there are wheels on its knees and casteits &eet allowing greater stability. Photo: DARPA

The JPL’s RoboSimian performance

RoboSimian is an ape-like robot that was develagedPL in collaboration with University of
California, Santa Barbara, and CalteEig(re 5). It participated in the DRC Trails and Finalglan
was ranked B out of the 16 and among 23 participants, respelgtifi(j. The RoboSimian was
designed to operate under supervised autonomyasigtatic mode rather than dynamic as in the
biology world but this approach made it quite stablk is equipped with long limbs allowing to have
a great reaching capability. The wrists and ankiee designed as the equivalence of 4 fingers with
a self-locking mechanism that is very robust and loa used as a clippefThe RoboSimian was
designed to traverse complicated terrains and parfiexterous tasks using seven sets of stereo
cameras for seeing and with its four limbs for maseging and manipulationThe drawback of the
drive trains that contain the actuators is thay tne relatively heavy, weighing 1.82 kg each. ngsi
identical actuators on i&8 articulated jointallowed for many advantages particularly with relga



to servicing and the control algorithm. Like titber robots that participated in the DRCLiSAR
device is used for mapping its environment in 3IMeRoboSimian uses 2 KW/hr battery and it can
be controlled by a small crew that consist of 2e8pie.

J 2
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Figure 5: The JPL’s RoboSimian is coming out of t vehttkeing the DRC Finals. Courtesy:
NASA/JPL, Pasadena, CA, USA.

Conclusions of the DARPA Robotics Challenge

Significant advances in the humanoids technology eeen showcased in the DRC competitions
and they served as a reality check about the efatee-art of these robots. Despite the significan
increase in acquisitions, investments and recgitmthe last few years, robotics is still far from
maturity. Even the most capable robot in the DR@ taken a long preparation time to execute such
tasks as the turning a handle, and pushing a do@ontrast, after the last DARPA's Urban Chalkeng
in 2007 driverless cars were recognized as reathetoext step of being commercialized. Cars had
been driven through a mock city with no one behimel wheel or controlled remotely, and only a
couple had crashed. Today, autonomous cars @&dglat a functionality level that is better than
humans, and they are being tested over many compésls and terrains. Unfortunately, the results
after the completion of the 2015 DRC Finals highiegl the weaknesses of the humanoid technology
and seems to suggest that there is still a “longtirahead.

Autonomous operation is the opposite of tele-op@naivhere the robot operates independently
rather than being given step-by-step commands ébmand maneuver. The DRC contest required
"supervised autonomy" tasks in which operators \@#osved/required to complete tasks despite low
fidelity (low bandwidth, high latency, intermittgntommunications. Robots still have significant
limitations when they need to operate in unpreditits and unstructured environments. These
environments require effective maneuver in terraingonditions that have not been encountered
before, using human tools without the need formsitee reprogramming and being able to continue
operating autonomously with no human interventionAddressing these challenges semi-
autonomously requires that the robots is givennarsand and the robot would be able to execute the
task without further instructions. This means ttiet robot will be able to take into account the
sensing and motions that are involved, for exampith identifying the door handle, applying the
right force, and properly maneuver to perform tinection.

The Valkyrie Robots and the NASA’s Space Roboticsi@llenge (SRC)

For many years, NASA has been engaged with thd@avent of humanoids as a robotic helper
to human astronauts. It includes the Robonautat was first generation and was tele-operated
humanoid that has the upper body mechanism. TV a@nent was followed with Robonaut-2 that
is semi-autonomous operation and the latest isoihet Valkyrie Eigure 7).



Figure 6: The semi-autonomous model of the Robongutigure 7: Valkyrie robot. Source:
2 shaking the hand of the author. NASA/JSC

Generally, there is a lot of similarities betweesveloping a humanoid that can function in
disasters and ones that can function in such egtremvironments as on other bodies in the solar
system as on Mars. Developing humanoids, sutfalkgrie,can help testing the landing of humans
before sending humans to Mars. Thus, the focusdeamn confirming the habitability of Mars and
avoiding the need for life support systems andratis&s to human operators. Later, it can be used
to work alongside the human astronauts, taking eaneaintenance and other tasks that we wouldn’t
want to waste the astronauts’ time on. Right negvpn the International Space Station there is a
Robonaut-2 robot with the objective of testing nbamance tasks so that it can eventually take such
tasks from the astronauts and potentially do thetteh As a follow on to the DRC, NASA Johnson
Space Center (JSC) posed a Space Robotics Cha(8Rg®) that is focused on space operations in
general. Funding from NASA and the National SceeRoundation (NSF) have been put together to
enable a couple of U.S. university teams that gpdied in the DRC to host a Valkyrie robot
(designated as R5) to keep humanoid robotics relseatvancing post-DRC.

Conclusions

In recent year, humanoid technologies have beegregseed significantly but they are still far
from replicating the full capabilities of real pdep Current robots can perform only a limited nemb
of functions and primarily execute specific taskdso, they are limited when performing
simultaneous tasks, i.e., walking is not perfornaddle other physical tasks are being executed.
Using Al, humanlike robots are capable of interpigetfacial expressions and have personalized
behavior that varies between duplicates of the gaart&cular robots. Some robots can walk or dance
similarly to humans; however, there are many basiman tasks that remain beyond current robots’
capabilities. The process of overcoming these ehgés robots is expected to be evolutionary.

The DRC has been a forum that led to advances kingiauch robots becoming faster, more
autonomous, and more adaptable but they still Bey@ficant shortcomings. These include the need
for more powerful batteries, stronger actuatorsl better perception and object recognition. The
robots showed mostly poor stability and it wastreddy easy for the humanoids to lose balance.
Other shortcoming has been the lack of tactilerabdst sensors including, at a minimum, ones on
the bottom of the feet and on the hands. The DB @ snapshot of state-of-the art as well as a
preview of what our future relationships with themght look like.



Robotic hardware will need to be made significatitiiater and equipped with many miniature
actuators and sensors with distributed processapglulity. Specifically, effective actuators are
required with high power density, as well as higkmtional and reaction speeds. Furthermore, there
is a need for advances in miniature motors to cbnwanced facial expressions or the movement of
fingers, miniature drive electronics, and high #&nty sensors. Electroactive polymers can
potentially operate as lifelike actuators that drinumanoids to function humanlike. However, there
are still many challenges ahead and the arm-wngstiontests will continue to provide a gauge of
the technology advances towards making them drigh gevices as prosthetics and others that will
greatly benefit humans.
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