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Despite remarkable progress in artificial intelligence, autonomous humanoid robots are still far from matching
human-level manipulation and locomotion proficiency in real applications. Proficient robots would be ideal first
responders to dangerous scenarios such as natural or man-made disasters. When handling these situations,
robots must be capable of navigating highly unstructured terrain and dexterously interacting with objects de-
signed for human workers. To create humanoid machines with human-level motor skills, in this work, we use
whole-body teleoperation to leverage human control intelligence to command the locomotion of a bipedal
robot. The challenge of this strategy lies in properly mapping human body motion to the machine while simul-
taneously informing the operator how closely the robot is reproducing the movement. Therefore, we propose a
solution for this bilateral feedback policy to control a bipedal robot to take steps, jump, and walk in synchrony
with a human operator. Such dynamic synchronization was achieved by (i) scaling the core components of hu-
man locomotion data to robot proportions in real time and (ii) applying feedback forces to the operator that are
proportional to the relative velocity between human and robot. Human motion was sped up to match a faster
robot, or drag was generated to synchronize the operator with a slower robot. Here, we focused on the frontal
plane dynamics and stabilized the robot in the sagittal plane using an external gantry. These results represent a
fundamental solution to seamlessly combine human innate motor control proficiency with the physical endur-
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ance and strength of humanoid robots.

INTRODUCTION

Motivation

State-of-the-art humanoid robots are still unable to match the sophis-
tication and adaptability of human’s innate motor control intelligence.
A robotic disaster responder with locomotion and manipulation cap-
abilities similar to those of the average human would be a valuable tool
for field applications. If this technology had been available back in
March 2011, the catastrophic outcome of the Fukushima Daiichi power
plant nuclear disaster could have been vastly mitigated. It is estimated
that, if a responder had been able to endure the deadly levels of radiation
and enter the facility within the first 24 hours after the cooling system
malfunctioned, the first nuclear reactor could have been stabilized (1).
However, at the time, no robot of any sort had the autonomy, locomo-
tion, or manipulation capabilities to navigate the unstructured terrain
and robustly interact with the environment by opening spring-loaded
doors, pushing debris, operating valves, or using tools designed for
human workers. Even to this date, in the era of artificial intelligence,
programming an autonomous robot to achieve human-level perception
and motor control in real environments is extremely challenging and
has yet to be demonstrated (2).

Humanoid robots are extremely complex systems that locomote by
applying intermittent forces to the environment using contact se-
quences that must be planned ahead of time using the perceived
footholds. These interaction forces often have nontrivial unilaterality
constraints (the feet cannot pull on the ground) and are subject to
difficult-to-model friction and impact dynamics. In addition, dexter-
ous manipulation requires a whole other level of contact regulation
that combines visual, tactile, and proprioceptive perception with the
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understanding of operation of the object being handled. The controller
for an autonomous robot must produce whole-body trajectories that are
subject to all these challenges while regulating balance, body momen-
tum, inter-limb coordination, actuation and joint limits, self-collision,
external disturbances, and the physical task itself (3). Reliably achieving
this level of control sophistication in real-world applications is still an
open problem in robotics. On the other hand, humans routinely solve
these challenges while continually learning to adapt to unfamiliar sce-
narios. We envision that this unique human skill can be transferred to a
remote robot through whole-body teleoperation. By using the body
movement of a human operator to control a humanoid in real time,
the machine becomes an equally capable, but expendable, first respond-
er to dangerous situations or remote locations. This solution combines
human motor control intelligence with the physical robustness and
power density of robots. The key challenge is effectively mapping the
human body movement to the robot and intuitively informing the
operator about how closely the robot is reproducing the desired motion.

Related work

Motion retargeting from humans to legged machines or animated char-
acters has been an active topic of research for robotics, biomechanics,
and computer graphics for many years. Often, during offline retarget-
ing, the operator kinematic data, such as joint angles and center of mass
(CoM) trajectory, are measured by a motion capture system (4, 5), and
the dynamic data, such as ground contact forces, are estimated by a
force plate. Before the target can reproduce the motion, the data are
modified to respect the robot’s (or character) physical structure, dynam-
ic characteristics, and limitations. Frequently, this process is performed
by an optimizer that approximates the target’s motions to the reference
data while maintaining balancing stability (6, 7) or the nuances of the
movement of a character (8, 9). This procedure is time insensitive
because it is done offline; thus, the complex whole-body trajectory
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can be extensively refined and the resulting movement reference can
be greatly optimized (10). In contrast, online motion retargeting or
whole-body teleoperation (11, 12) must provide a feasible reference to
the robotic system in real time, making computationally intensive plan-
ners prohibitive. In most studies of whole-body teleoperation, the ro-
bot’s balancing stability is regulated using a reduced-order model,
which guides the motion mapping from the human operator to
the robot (13, 14). This model is much simpler than the full-body
dynamics but is competent to capture the fundamental properties
of the movement that is being mapped. For instance, in the work by
Ishiguro et al. (13), the reference motion provided to the robot is ob-
tained by modifying human’s reference using stability considera-
tions from a reduced model, allowing the robot to safely walk.
However, human and machine move asynchronously because the
operator does not receive any kinesthetic feedback regarding the ro-
bot’s relative motion. This unilateral information flow is a common
characteristic in all of these studies. The operator commands the robot
to move using his/her own body but does not receive any physical
information when the robot lags behind, is perturbed, or applies forces
to its surroundings.

We argue, however, that when dynamically interacting with the
environment, humans heavily rely on the feedback forces from their
motor actions (15). They use this kinesthetic feedback to learn how
to cope with the added dynamics and to create muscle memory for
recurrent behaviors. For instance, when a firefighter uses his/her entire
body to push a heavy door, the subsequent motion is completely dif-
ferent if the door turns out to be locked or if it is free to open. Following
this rationale, the teleoperated robotic responder must provide the
operator with physical feedback from its actions such that the operator
can intuitively use innate motor intelligence to plan the movement
effectively. Thus, unilateral teleoperation strategies are unlikely to be
successful in unpredictable real scenarios unless the robot has a non-
trivial degree of autonomy to overwrite infeasible or erroneous com-
mands. Yet, to the best of our knowledge, in very few studies in the
literature was the operator provided with kinesthetic body feedback
from the machine’s motion during teleoperation. In previous studies,
forces were applied to the operator’s torso as an attempt to inform
about the robot’s semistatic stability condition (16). A similar strategy
using vibro-tactile feedback has also been adopted (17). However, in
both studies, the machine could only perform slow movements on
flat ground, and it is unclear how to extend these strategies to agile
locomotion, such as walking or jumping, limiting their usefulness for
real applications. In contrast, dynamic teleoperation with bilateral
feedback of robotic manipulators is a well-studied research topic
(18, 19). But fixed-base manipulators can apply arbitrarily large forces
to their surrounding without regulating balance and step placement,
differently from the top-heavy and mobile humanoid robots. Thus,
existing bilateral feedback strategies used for robotic arms are not direct-
ly applicable to whole-body teleoperation of legged robots.

To address these research challenges, this paper describes a tele-
operation system, shown in Fig. 1, and a control strategy to dynamically
synchronize the lower-body motion of a human operator and that of a
bipedal robot. Through this virtual coupling, operator and robot can
simultaneously take steps, jump, and walk. The core components of hu-
man locomotion are scaled to the bipedal robot using a simplified model
for legged dynamics, the linear inverted pendulum (LIP). Simulta-
neously, the same model is used to compute feedback forces that are
applied to the waist of the operator, near the CoM, to match the
operator motion velocity to that of the robot. If the robot moves
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faster, the human-machine interface (HMI) applies a force to speed
up the translation of the operator’s CoM. If the robot lags behind, the
HMI simulates drag to slow down human movement. Hence, the
feedback force informs the operator about how closely the robot is
reproducing human motion in real time. To focus the analysis and
simplify the balancing task, we stabilized the robot in the sagittal
plane using an external gantry, preventing it from falling forward
or backward. However, the gantry did not provide any support in
the frontal plane, and we assumed that the controllers for both these
planes can be decoupled.

Model reduction: The LIP

Because of the complexity of the legged systems and the intricacy of
walking mechanics (nonlinear, hybrid, and underactuated dynamics),
researchers often approximate particular locomotive behaviors using
simplified models. These models must capture the principal compo-
nents of the full system dynamics while remaining tractable. A common
strategy is to use the insights obtained from the reduced models to de-
velop intuitive heuristics that govern the high-level controller of legged
robots (20). The LIP is a powerful one-dimensional (1D) model popu-
larly used to capture the fundamental dynamics of the CoM of bipedal
systems during upright balancing and walking (14). The second-order
equation of motion of the LIP describes the unstable behavior of the
CoM of the system with respect to its center of pressure (CoP): the point
on the ground from where a single force vector originates and sum-
marizes the net effect of all the contact forces applied to the feet (21).
By regulating the contact forces between each foot and the ground, the
position of the CoP is manipulated within the area that spans the
supporting feet. Movie 1 illustrates this model simplification, which is
also adopted in our previous work (22). The CoP position py(¢) repre-
sents the input to the LIP equation of motion that approximates the
horizontal displacement xy(¢) of the human CoM

i (t) = oy (xn(t) — pu(t)) (1)

where Xy () is the horizontal acceleration of the CoM and oy is the
constant natural frequency of the pendulum, which dictates how fast
it falls. This linear equation models the upright unstable dynamics of
the bipedal system, in which the CoM naturally accelerates away from
the CoP. For example, concentrating the ground contact forces under
the heels causes the body to lean and later fall forward. In this model, the
CoM can be actively stabilized and manipulated by properly positioning
the CoP.

Previous work (23-25) demonstrated that, instead of individually
controlling the CoM position and velocity [xy(f) and Xy (¢)], it is suf-
ficient to regulate the unstable component of the LIP dynamics to bal-
ance and walk. This fundamental component associated with the
unstable LIP behavior is a composite state given by the horizontal
CoM position and its normalized velocity

xu(t)
WH

Eu(t) = xu(t) + (2)

The state () is named the divergent component of motion
(DCM) and has been extensively used for controlling the locomotion
of bipedal robots. Beyond the field of robotics, biomechanics studies
have also presented compelling evidence that suggests that humans
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Center of mass, center of pressure, and foot trajectories

B2

Human simple model

Robot simple model

Force feedback from motion velocity difference

Fig. 1. Bilateral teleoperation of a bipedal robot for dynamic locomotion. (A) The human operator controls the small bipedal robot, Little HERMES, to take steps in place.
(B) The core components of the locomotion dynamics are mapped from operator to the robot using a simplified model, the LIP. Simultaneously, a feedback force [red arrows in
(B1) and (B2)] is applied to the torso of the operator, near the CoM, to synchronize the motion of operator and robot. This feedback force is proportional to the relative
instantaneous velocity between the operator and robot. (C) The machine uses human reference to reproduce stepping motions in real time.

regulate a linear combination of the CoM position and its velocity, sim-
ilar to the DCM, to walk and react to external disturbances (26). These
studies evidence the importance of the interplay between the DCM and
the CoP for dynamic legged locomotion. Inspired by this observation,
we assumed that the operator stably manipulates the DCM during
locomotion by shifting the position of the CoP on the ground. To
command the robot to simultaneously perform the same feat, we
provided a motion reference to the machine by scaling the position
of the human DCM and CoP. Because the human and the robot often
have substantially different physical properties, we performed this
transformation using similarity analysis.

Similarity of dynamic systems

Similarity analysis of dynamic systems has often been used for the com-
parison of animal movements across markedly different physical scales
(27, 28). For instance, one can compare the locomotion performance of
a cheetah with that of a cockroach by normalizing their running speeds
by their respective body lengths. By this principle, systems are geomet-
rically similar when they have the same shape, but the dimensions are
scaled by some constant factor. Two motions are kinematically similar if
time is scaled by a constant number and dynamically similar if all forces
follow a constant ratio. Dimensional analysis of the equations that de-
scribe the mathematical models enables the comparison of systems that
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have different physical or temporal characteristics. To illustrate this
procedure, researchers have performed dimensional analysis of the
LIP to derive the equation of motion for a dimensionless model (29).
With this generalization, the fundamental behavior of the LIP was ana-
lyzed independently of particular parameters, and the motions of pen-
dula with different lengths (or inertias) were shown to be dynamically
similar.

The present work leverages this idea: We aimed to make the simpli-
fied robot dynamics similar to those of the human-reduced model via
teleoperation. In essence, the robot movement ideally reproduces DCM
and CoP trajectories similar to those of the operator. Hence, the motion
reference mapped from human to robot and the feedback force applied
to the operator were designed to guarantee this dynamic similarity.
When we normalized the DCM and CoP positions using constant para-
meters of each system, we obtained states that ideally follow identical
dimensionless trajectories, independent of scale. In the present work,
horizontal states, such as the DCM and CoP, were normalized using
the nominal distance between the feet (dy and dg) and vertical states
using the nominal CoM height (A and hg). Subscripts “H” and “R”
indicate “human” and “robot,” respectively. States with an apostrophe
indicate dimensionless values [for instance, xg(t) = x‘;—lf)]. Figure 2
illustrates the condition of dynamic similarity that our teleoperation
strategy aims to achieve.
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Movie 1. Summary of the bilateral teleoperation strategy adopted in this work.
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Fig. 2. Dynamic similarity of the simplified models for the human and robot. In the ideal scenario, the horizontal motion of the robot DCM [&x(t) = Xr(t) + ety
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are not required to coincide because manipulating the DCM is sufficient to control locomotion. Time dependency of the state variables is omitted for clarity.
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Manuscript context and contribution

This work builds on promising results for upper-body teleoperation of
highly dynamic physical interactions achieved by the HERMES human-
oid robot (30). Here, we complement our previous work and present a
fundamental solution to dynamically synchronize the locomotion of the
bipedal robot to that of the human operator. To achieve this goal, we
used bilateral feedback to impose the dynamic similarity between the
reduced models for the robot and that of the operator. With this virtual
constraint, the operator could generate, in real time, lower-body trajec-
tories that were dynamically compatible with the robot’s geometric, in-
ertial, and temporal properties. To experimentally demonstrate this
strategy, we developed a wearable HMI, named the balance feedback
interface (BFI), and a small-scale bipedal robot, named Little HERMES
(31). This work focused on studying fundamental locomotive skills such
as synchronous stepping, jumping, and walking via teleoperation. In-
stead of being preprogrammed trajectories that the robot simply replay,
these coordinated dynamic motions were induced by the operator in
real time through the BFL

RESULTS

Similarity-based bilateral feedback teleoperation

To evaluate our teleoperation strategy, we used Little HERMES, a
small-scale machine with physical properties substantially different
from those of a human adult. These include (i) smaller total mass
(mpg = 6 kg) and inertial distribution, (ii) shorter nominal CoM height
(hg = 35 cm), and (iii) shorter nominal distance between the feet (dy =
25 cm). It is intuitive that a short pendulum has a faster oscillation pe-
riod than a longer one. Analogously, a smaller-scale robot has a faster
natural frequency and, consequently, a faster stepping frequency. We
used bilateral teleoperation to allow a human operator to control this
machine despite dissimilar physical properties. The forward path
(human to robot) of the teleoperation feedback sends the human

DCM and CoP normalized positions to the robot to reproduce.
The robot controller commands a motion that achieves the similarity
Ex(t) = & (t) and py (t) = pyy(t) simultaneously. However, the time
rate of change of the DCM is bounded by the natural frequency of the
system: A pendulum cannot fall faster than its natural dynamics
allows. To ensure that human and robot DCMs will evolve similarly
in time, the backward path (robot to human) of the bilateral tele-
operation consists of a horizontal force applied to the CoM of the
operator that is proportional to the dimensionless velocity error

Far(t) = ki (g (1) — %4 (1)) (3)

This equation indicates that if the robot moves (falls) faster than
the operator (| | > | % |), the force feedback will push the operator
to move faster. If the robot lags behind (\x;{ | < |5c/H | ), the force
feedback applied to the operator will create the effect of drag and slow
down human motion. The constant gain kiy maps the dimensionless
velocity error to human mass and height proportions. This means that
a heavier or taller operator will experience proportionally scaled
feedback forces for the same relative motion error. The derivation of this
expression is presented in Materials and Methods and in previous work
(32). Movie 1 summarizes the bilateral teleoperation strategy.

Dynamic stepping in place

During teleoperation, the controller of the robot commands its CoP po-
sition on the ground to match the human reference by regulating the
contact forces under each foot. When both feet exert nonzero forces
(double support), the CoP is located at an intermediate point between
its feet, and the dimensionless CoP is within the interval —0.5 < p, <
0.5. When, for instance, the CoP is shifted to the right foot, as indicated
by the magenta regions in Fig. 3B, it indicates that the left foot has lost
contact and exerts zero force (pi{ = 0.5). When the robot controller

—0.5<p'p<0.5

Time [s]

Fig. 3. Results for stepping-in-place teleoperation experiment. Dynamic synchronization of human and robot DCM and CoP, the two fundamental components of the LIP.
(A) Comparison between human and robot DCM normalized by the distance between the feet dy; and dg. The high-frequency component of the robot DCM is an artifact of
the foot compliance. (B) Dimensionless CoP position for the operator (blue) and the robot (red). The areas shaded in magenta indicate right foot support, as illustrated by
the cartoon in the magenta box, when the relative CoP trajectory is flat at p'R = 0.5. Left foot support is analogously represented by green shaded areas and the cartoon in the
green box (pg = —0.5). The cartoons also illustrate the robot swing foot trajectory 3g(t) scaled from the human reference 3u(t) and the feedback force Fgg(t) in red. (€) Time
evolution of the feedback force Fgr(t) applied to the CoM of the operator during teleoperation.
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Fig. 4. Constrained dynamic walking and jumping experiments. (A) Operator
commands the robot to walk by stepping in place while leaning forward and applying
a static force against a string. The robot produces a similar tangential force with the
stance foot, propelling the machine forward. Walking speed y; is controlled by the
tangential ground contact force 5 in combination with the proper stride length 5,z
(B) Robot jumps by modulating the magnitude of the net contact force similarly to the
operator. (B1) to (B3) illustrate this procedure and are indicated by the vertical yellow,
green, and magenta lines in (B4) and (B5). (B4) Dimensionless vertical component of
the net contact forces from the operator and robot. (B5) Vertical displacement of the
CoM estimated from leg kinematics and from the external gantry.

detects this condition, it commands its left foot to follow a swing trajec-
tory similar to that of the operator’s left foot. An analogous situation
occurs when the CoP is shifted to the left foot instead, in which p; =
—0.5, and represented by green regions on Fig. 3B. These support tran-
sitions are further detailed in fig. S1. Stepping in place consists of a
coordinated sequence of right and left feet support and swing as de-
picted in Fig. 3. Figure 3A displays the time evolution of the human
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and robot dimensionless DCM trajectory, and Fig. 3B shows the relative
CoP trajectory. In addition, the feedback force Fgg(f) produced by the
BFI, and applied to the CoM of the operator, is shown in Fig. 3C. This
experiment is illustrated in movie S1. The vertical swing foot trajectory
of the robot and the operator for several steps is displayed in fig. S2.

Additional experiments are presented in the Supplementary
Materials. Figure S3 depicts a trial in which the operator commands
the robot to move right to left in the frontal plane without taking steps
(always double support). Human and robot DCM and CoP matched
closely. The synchronization effect of the feedback force Fpp(t) is re-
vealed in fig. $4. In this case, the feedback force was initially set to zero
and subsequently enabled at about 3.5 s after the start of the experiment.
The feedback force stabilized the robot DCM. Last, movie S2 depicts
the ability of the robot controller to regulate the contact forces with the
ground. In this experiment, an autonomous controller based on the LIP
regulated the position of the CoP to maintain the DCM at the midpoint
between the feet in the absence of an operator.

Dynamic walking

Forward propulsion occurs when the stance foot applies a tangential
contact force against the ground in the anteroposterior direction during
single support. In addition, the magnitude of this force in coordination
with the appropriate stride length regulates the walking speed (29).
Using this heuristic, the operator can generate a reference propulsive
force by, for instance, leaning against a resistive string and taking steps
in place, as demonstrated in Fig. 4A. For this experiment, the external
gantry stabilizes the robot yaw (craniocaudal axis) and pitch (left-right
axis) rotation, as illustrated in fig. S5B. While in single support, the
stance foot of the robot applies a tangential ground contact force pro-
portional to the reference provided by the operator and given by

FyR(t) = OlF/VH(t) (4)

which modulates forward walking. In addition, the horizontal step
length is regulated proportionally to the walking speed: The faster the
robot walks, the longer the stride is. If o is defined negative, the robot
walks backward, as shown in movie S3. We envision that this strategy
can be further extended to more complex behaviors such as turning and
running, which is the topic of future work.

Jumping

The CoP is defined as the point on the ground where an equivalent net
force originates and summarizes the effect of all the contact forces ap-
plied to the body. As described by the LIP model, the horizontal position
of the CoP is used to maintain balance and take steps. In addition to its
location, the operator also modulates the magnitude of this net contact
force to regulate the CoM height. This magnitude is normalized by the
total body mass myy of the operator and transmitted as reference to the
bipedal robot. The machine produces a net contact force with similar
magnitude to that of the operator. With this control authority, the
human can command the robot to produce an upward thrust large
enough to leave the ground. Figure 4 (B1 to B3) shows instances of a
teleoperated jump. Figure 4B4 depicts the dimensionless reference net
force = g measured by the force plate and normalized by human mass.
The net vertical force produced by the robot, represented by the dimen-
sionless quantity ;“ is also shown. Figure 4B? displays the CoM height
of the robot estimated from leg kinematics zg° in cyan and measured
using the external gantryz§ ™" in black. When the robot is airborne, the
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height estimation from leg kinematics saturates at maximum leg
extension. The teleoperation of consecutive jumps is shown in movie S4.

DISCUSSION

Our research focuses on creating a teleoperation system that enables a
human to intuitively control the movement of a humanoid robot while
receiving kinesthetic feedback related to the motion of the robot. When
synchronized with the remote robot, the operator generated stepping
and walking references that were dynamically feasible for the machine
to reproduce. Ideally, this teleoperation strategy eliminates the necessity
for task-specific and computationally hungry perception and whole-
body motion planning algorithms typically used by autonomous
machines (24, 33). In this work, we focused on a fundamental locomo-
tion synchronization strategy. This teleoperation strategy is demon-
strated via three representative experiments: (i) stepping in place,
(ii) walking, and (iii) jumping. Stepping illustrates the control of the
fundamental balancing and locomotion mechanism. It is achieved by
coordinating the interplay between the DCM and the CoP trajectories,
in addition to controlling the swing leg motion and the feet placement.
These are essential components required for agile locomotion in un-
structured terrain. Dynamic synchronization is revealed by the
point-foot design of the bipedal robot: The machine is unstable in
the static sense during single support. To illustrate this scenario,
movie S5 demonstrates several unsuccessful early attempts to take
steps. Walking extends the basic stepping-in-place behavior to dem-
onstrate how the operator can regulate the locomotion of the robot.
Similar strategies can be used to extend this capability to other loco-

Whole-body manipulation

motive actions such as running and turning. Last, jumping exemplifies
the ability to generate large contact forces and to deal with impacts. We
envision that the ability to aggressively push against the ground and ac-
celerate the body upward can be extrapolated to whole-body manipu-
lation tasks that require regulation of large contact forces such as
pushing or lifting heavy objects.

We assume that the motion error evident in Fig. 3 (A and B)
originates largely from (i) the mechanical properties of the foot sensor
material and (ii) the point contact of the spherical foot. The foot sensor
underdamps the vibrations caused by unmodeled impacts with the
ground, causing the entire robot to shake momentarily and introducing
noise in the velocity estimation (and consequently the DCM). This can
be evidenced when comparing Fig. 3A with the first 4 s of fig. S3A, when
there were no impacts, and the motion error was very small. Selecting a
different material with improved damping properties for the foot sensor
will likely reduce this issue. The effect of the foot compliance is also ev-
ident in the high frequency ringing in Fig. 4B4. The DCM tracking
performance is further degraded during single support or at large am-
plitudes of the CoP trajectories, which is demonstrated by comparing
the first and second halves of fig. S3. We assume that the lack of ankle
supination or pronation torque prevents fine regulation of the robot
CoP when standing on one of the feet. Because of this degradation in
control authority, the robot motion briefly lags the operator reference.
The addition of a more substantial foot and the utilization of balancing
strategies that use angular momentum regulation (29) could help mit-
igate this problem. Last, it is difficult to define the acceptable tracking
error that can be tolerated for successful synchronization largely due to
the uncertainties introduced by the human. It is likely that the expertise

Agile locomotion

Dynamic mobile manipulation

Fig. 5. Dynamic mobile manipulation. We intend to combine previous results for manipulation, enabled by HERMES, and locomotion, introduced here by Little HERMES, to
develop a capable robotic responder. This robot will leverage human motor control and perception skills to perform physically demanding tasks that require whole-body co-

ordination in addition to balance regulation.
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of the operator heavily affects how limitations of the system are antici-
pated and compensated for.

Limitations of the approach

This pilot study is based on a planar linear model with limited dynam-
ics. In addition, the robot is not designed to balance in the sagittal plane
without the gantry due to the simplicity of the leg design and the point-
contact feet. Future implementation of more complex 3D motions, such
as running and turning, will require more sophisticated model and ma-
chine (34) and is a topic of future work. However, the fundamental idea
of dynamic similarity presented in this work should be preserved even
for complex systems. Another limitation of the present study originates
from the exclusively horizontal force feedback, Fgpy, applied to the
operator. We assume that including additional kinesthetic feedback
for total angular momentum, for instance, will enable the utilization
of strategies based on reactive inertia, such as the “hip strategy,” for
balancing or absorbing external disturbances (35, 36).

In addition, an evident drawback of our method relates to a notori-
ous issue of telerobotics: communication delay. This issue becomes even
more pertinent for time-sensitive occasions, such as during highly dy-
namic motions. Although not within the scope of the present study, it is
still unclear how much delay the strategy
proposed in this paper can tolerate. How- A Custom actuator
ever, given the relatively slow natural fre- 7

mous machines. Future work includes an evaluation of the learning rate
for inexperienced operators and the definition of training procedures to
improve the synergy between human and robot. We would like to ex-
plore how human intention can be anticipated using other biosignals,
such as gaze tracking, electromyography, and electroencephalography.
Last, on the human side, we will look into the trade-offs between the re-
quired feedback (kinesthetic, visual, auditory, etc.) to the operator and their
associated cognitive load, especially for long periods of operation.

We envision that a robotic disaster response robot will seamlessly
combine the power density of machines with the control skills of
humans to perform highly demanding physical tasks. Toward this vi-
sion, the control architecture presented in this work introduces funda-
mental ingredients to dynamically couple the operator to the humanoid
robot. Our future research will focus on combining the manipulation
performance demonstrated by HERMES (38) with the locomotion
control introduced here by Little HERMES. For instance, a disaster
responder would use these combined abilities by taking steps to build
up momentum and to subsequently dump that energy to break down
a blocked door, as shown in Fig. 5. Future work will address several
core challenges to create a capable humanoid disaster responder.
These challenges include the development of a generalized teleoperation

/ o s ni

quency of the legged systems in this work, 4 /. \\

we expect that the bilateral teleopera- ﬂ e ‘
S

tion will still be successful for moderate
amounts of communication lag. In ad-
dition, we argue that the challenge of
achieving high-speed remote commu-
nication stands in a considerably shorter
technological horizon than achieving
reliable human-level perception and
motor control for autonomous robots.
Thus, we believe that bilateral feedback
teleoperation stands as a promising
shorter-term solution for deploying robots
to real applications.

B Lightweight limbs
& belt transmission

I

Future work

The goal of our strategy is to transfer the
burden of perception of the surroundings
and the motion planning to the human,
considerably reducing the autonomy re-
quirements for the robot. We assume
that, with sufficient training, the operator
will learn how to naturally cope with the
robot-added dynamics. Using the kines-
thetic feedback, the experienced operator

C Softfoot sensor

should develop the “muscle memory” to
effectively control the machine. This ad-
aptation to dynamic conditions has been
demonstrated for simple dynamic sys-
tems (37). We assume that this operator
will be able to adapt to unfamiliar scenar-
ios and improvise motions that the ma-
chine has not performed beforehand—a
fundamental human skill and a capability
still far from being achieved by autono-

Ramos and Kim, Sci. Robot. 4, eaav4282 (2019) 30 October 2019

Fig. 6. The bipedal robot Little HERMES. The design of the small-scale robot is based on principles specific for
agile legged locomotion. (A) Custom actuators were designed for impact mitigation and high-bandwidth torque
control. (B) Lightweight limbs have negligible inertia and allow fast leg swing. A timing belt transmits the torque
to the knee joint from the motor mounted coaxial to the hip axis. (C) Impact-robust and lightweight foot sensors
measure three-axis contact forces and were used as contact switches. (D) A ruggedized IMU estimates the robot’s
torso posture, angular rate, and linear acceleration at 250 Hz. (E) Real-time computer sbRIO 9606 from National
Instruments controls the robot at 600 Hz. (F) The robot is powered by two three-cell lithium-polymer batteries in
series. (G) A rigid and lightweight frame minimizes the robot mass.
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strategy for 3D motion in parallel with a legged robot capable of
balancing itself without the gantry. At that point, we must prescribe
the boundaries of human-robot shared autonomy, which is defining
the extent to which the robot follows human motion or makes auton-
omous decisions to modify suboptimal, conflicting, or erroneous
commands that may jeopardize stability or the completion of the task
at hand.

Last, the method presented here could also be further explored un-
der the lights of motor rehabilitation. For such application, we envision
that the physiotherapist could provide intuitive physical cues and
support for gait rehabilitation through the BFI by “teleoperating” a pa-
tient connected to a second BFI. Both individuals would become more
synchronized as the patient walking performance improves with treat-
ment. In addition, the kinesthetic feedback to the physiotherapist could
potentially provide valuable information about the impairment condi-
tion of a particular patient.

MATERIALS AND METHODS

The proposed teleoperation system requires three major components:
(i) the bipedal robot, (ii) the BFI and operator, and (iii) the bilateral
feedback teleoperation law. First, we describe the bipedal robot devel-

B Torso tracking (5 DoF)
s

Passive

A Balance feedback interface (BFl)

oped by our group, highlighting design features that enable proper force
control and agility for legged locomotion. Next, we describe the design
of the BFI for high-speed motion capture and kinesthetic body
feedback. Last, we derive the bilateral feedback law that maps the
information between the operator and the remote robot. We briefly de-
scribe the controller of the robot here, and the reader can find further
information in our previous work (31, 32). The experiments presented
here were conducted with a single experienced operator. The data for
the experiments were collected after the operator became familiar with
the system; at that point, each experiment was conducted a single time.
Emergency stops were included to shut off the BFI or the robot in case of
failure or danger.

The bipedal robot: Little HERMES

The experiments presented in this paper were conducted with Little
HERMES (31), shown in Fig. 6, a small-scale bipedal robot with three
degree-of-freedom (DoF) legs and point feet. During the stepping in
place and jumping experiments, a boom with a spherical base joint con-
strained the robot to move in its frontal plane. For the constrained
walking experiment, a passive linkage structure stabilized the robot
yaw and pitch rotation but allowed the robot to translate in the antero-
posterior direction. Both gantries are shown in fig. S5.

C Actuation module (3 DoF)

DC motor Load cell

E Real-time PC - NI cRIO 9082

Load cell

Fig. 7. The BFI. (A) Custom HMI was designed to be transparent to the operator and to capture human motion data at high speed (1 kHz). (B) BFI has two underactuated
modules that together track the position and orientation of the torso and apply forces to the operator’s CoM. (C) Each actuation module has three DoFs, one of which is a push/pull
rod actuated by a DC brushless motor (Maxon EC90 Flat). A pair of load cells measures the actual forces applied to the operator. These sensors were not used for closed-loop force
control. Force control was achieved via current-based torque control of the motors. (D) A series of linkages with passive joints were connected to the operator’s feet and track their
spatial translation. (E) Real-time controller cRIO 9082 from National Instruments closed the BFI control loop and sampled data at 1 kHz. (F) A 3 feet-by-3 feet force plate estimated
the operator’s CoP position and measured the shear and normal components of the operator’s net contact force.
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Fig. 8. High-level teleoperation control loop with bilateral feedback. Human kinematic and dynamic data on the far left were transformed into a reference for the
robot using the reduced model, the LIP. This transformation computed the desired DCM state 5;4 and the appropriate contact forces F;f{ and F;e,{ that the robot must
apply to the ground to reproduce human motion. With this information, the robot-embedded controller computed the required contact force to be applied by each
foot. The feedback Fgr applied to the operator is proportional to the relative motion velocity between operator and robot.

Little HERMES uses a number of design principles that allow contact
force regulation at high bandwidth. Each leg has three DoFs: hip ab/
adduction, hip flexion/extension, and knee flexion/extension. The actua-
tors were designed from off-the-shelf gimbal motors with a custom
single-stage 6:1 planetary gearbox and an integrated current-control driver
with energy regeneration (39). An efficient 1.6:1 timing belt transmission
connects the knee joint to its actuator, mounted proximal to the body and
coaxial with the hip flexion/extension actuator. These features were com-
bined with the lightweight leg design (together about 10% body mass) to
minimize energy losses from frictional and inertial forces. These features
enabled high-bandwidth force control from motor current and leg kine-
matics alone, without requiring springs or force/torque sensors (31, 40).

Custom foot sensors monitored the contact forces with the ground.
We used these sensors to estimate the robot CoP and as contact switches
but not for closed-loop contact force control. As shown in fig. S6, these
lightweight devices (about 50 g each) can measure three-axis forces and
are composed of an array of four piezoresistive sensors that are loaded
by the deformation of a urethane hemisphere during interaction with
the ground (41). These impact-robust and lightweight sensors are more
appropriate for legged locomotion than conventional stiff, heavy, and
bulky load cells or force/torque sensors. In addition, the polymeric de-
formable material could be designed to have stiffness and damping
properties tuned to the application. We found the material used for
our sensors to be excessively springy and intend to replace it with poly-
mers with improved dampening characteristics, such as sorbothane.
Figure S7 illustrates the open-loop contact force control performed by
the bipedal robot.

The embedded real-time computer, an sbRIO 9606 from Na-
tional Instruments, runs the robot control loop at 600 Hz. It com-
municates with the actuators via a dual-channel high-speed CAN
bus card NI19853 and with the feet sensors with an analog input
card N19205. The IMU, VectorNav VN-100, provides body orien-
tation and angular rates at 250 Hz. Two three-cell lithium-polymer
Venom batteries in series power the entire robot.

The BFI and human operator
Human motion data were collected by the BFI, a highly backdrivable
HMI designed to be transparent to the user and shown in Fig. 7. This

Ramos and Kim, Sci. Robot. 4, eaav4282 (2019) 30 October 2019

high-speed motion capture system used 12-bit encoders to measure hu-
man torso position and orientation in space (five DoFs, no torso yaw).
The three-DoF spatial position of the feet was estimated using two
passive arms connected to the operator’s feet. The BFI can apply large
horizontal feedback forces (up to 100 N) to the operator’s waist, near the
CoM. The feedback force and torso posture tracking were performed by
two actuation modules, each with three DoFs (one actuated and two
passive), as depicted in Fig. 7A. The torso posture was estimated by
solving the forward kinematic of both modules together. The desired
feedback force Fpp; was achieved by coordinating the force produced
by the both actuation modules. Figure S8 shows the force control
performance for one of the stepping-in-place teleoperation exper-
iments. A six-axis force plate captures the human CoP and the normal
and tangent components of the ground contact forces that the operator
applies during motion. The real-time computer, a cRIO9082 from
National Instruments, ran the control loop and estimated human pos-
ture at 1 kHz. The communication rate with the robot was also per-
formed at 1 kHz.

Bilateral feedback teleoperation law

During teleoperation, the robot reproduces human motion by tracking
reference DCM and CoP trajectories. To achieve this, the controller of
the robot computes two components of the net horizontal force ap-
plied by both legs together to the CoM: (i) F'S! (¢) is a feedforward term
calculated by scaling the human ground contact force and (ii) F{z* (¢)
is responsible for stabilizing the motion and compensating for track-
ing errors from the desired DCM reference. The linear compensation
uses a constant gain K,. With these two components, the horizontal
equation of motion for the CoM of the robot is given by

myi(t) = Fig (1) + ER™ (1) ()
or

msin(t) = £ () + k(2022 g

du dr

The net horizontal force applied to the CoM of the operator has two
terms: (i) Fy(#) is the horizontal component of the contact force that
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the operator generates against the force plate and (ii) Fpg(#) is the
feedback force applied by the BFI. The horizontal equation of motion
for the human CoM is given by

meH(t) = FXH(t) —+ FBFI(t) (7)

To derive the expressions for the feedforward term F'(¢) and the
feedback force Fyp(f), we use the desired CoP similarity

pR(t) :PH(t) (8)

and the CoP Eq. 1 to obtain

xw(t) () _mda(t)
dR dR (,0}2{ dH dH OJ%{

©)

If we assume that the robot reproduces human DCM reference

%? = % or Fiy°" = 0), we use Eqgs. 6 and 7 to write

() FR() %
dR(DR deR(DZR dH(x)H

Fuu(t) + Feri(2)
deH(DIZ{

(10)

The expressions for the feedforward term and the feedback force are
computed by satisfying the equality (Eq. 10). The law that scales the
operator contact force to provide a feedforward term for the robot con-
troller is given by

ref deR(Dﬁ
FxR (t) = 2
deH(DH

(11)

FXH(t)

The force feedback that is applied to the operator is defined by
xe(f) xﬁ(f)>

dror  dyoy

FBFI(l’) = deH(D%—I( (12)

From the desired net contact force to be applied to the CoM, the
robot controller computes the individual force contribution for each
foot. In this work, this force distribution problem is performed by
solving a linear system (31). For more complex robots, this problem
is commonly addressed by an optimization-based solver, often formu-
lated as a quadratic program (3, 25). A detailed analysis of this bilateral
feedback law was done in our previous work (32).

The high-level control loop of the system is depicted in Fig. 8. First,
human motion information is transformed into reference for the robot
using a reduced model, the LIP. Next, the robot controller uses this
reference to compute the desired ground contact forces for the right
and left feet. The “tracking correction” block describes the stabilizing
equation for FR°(t). Last, the BFI applies a feedback force to the
operator that is proportional to the dimensionless relative velocity of
human and robot CoM, according to Eq. 12.

When one of the robot feet loses contact with the ground, it follows
the trajectory of the swing foot of the operator. The desired Cartesian
deviation 9g (f) from the nominal stance is computed by scaling the

Ramos and Kim, Sci. Robot. 4, eaav4282 (2019) 30 October 2019

operator foot deviation 8y (#) from nominal stance. During right leg
stance, for instance, the desired left foot swing trajectory follows the de-
viation from nominal stance given by

dr
8xR _HSXH(t)
dx(t) = {szgﬂ - (i‘is . (13)
hH zH

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/4/35/eaav4282/DC1

Fig. S1. Stances during teleoperation.

Fig. S2. Swing foot vertical trajectory.

Fig. S3. Right-to-left motion teleoperation via bilateral feedback.
Fig. S4. Motion synchronization using force feedback.

Fig. S5. Gantries used to constrain the robot during experiments.
Fig. S6. Soft force sensors used for the robot feet.

Fig. S7. Bipedal robot contact force control.

Fig. S8. BFI force control.

Movie S1. Teleoperation of stepping in place.

Movie S2. Robot autonomous balancing controller.

Movie S3. Teleoperation of constrained walking.

Movie S4. Teleoperation of consecutive jumps.

Movie S5. Compilation of unsuccessful stepping experiments.
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