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Abstrac® Humanoid robots are expected to share human
environments in the future and it is important to ensure safety
of their operation. A serious threat to safety is the fall of a
humanoid robot, which can seriously damage both the robot
and objects in its surrounding. This paper proposes a strategy
for planning and control of fall. The controller's objective is
to prevent the robot from hitting surrounding objects during a
fall by modifying its default fall direction.

We have earlier presented such a direction-changing fall
controller in [1]. However, the controller was applicable only
when the robot's surrounding contained a single object. In this
paper we introduce a generalized approach to humanoid fall-
direction control among multiple objects. This new framework
algorithmically establishes a desired fall direction through
assigned scores, considers a number of control options, and
selects and executes the best strategy. The fall planner is also
able to select No Actior® as the best strategy, if appropriate.
The controller is interactive and is applicable for fall occurring
during upright standing or walking. The fall performance is
continuously tracked and can be improved in real-time. The
planning and control algorithms are demonstrated in simulation
on an ASIMO-like humanoid robot.

I. MOTIVATION

modi®cation to the default fall behavior can be imparted to
minimize damage to the robot or to the environment.

A humanoid fall controller may have two primary, and
distinctly different, goals: a) self-damage minimization and
b) minimization of damage to others. When fall occurs in an
open space, a self-damage minimization strategy can reduce
the harmful effects of the ground impact. If, however, the
falling robot can damage nearby objects or injure persons, the
primary objective is to prevent this from happening. This we
try to achieve by means of changing the default fall direction
of the robot such that even during falling it makes no contact
with the surrounding objects.

The ®rst reported work on humanoid fall direction change
was in [1] and in the current paper we present a thorough
generalization, extension and improvement of this approach.
A sample of our current results is shown in Fig. 1. When
pushed with a large force, the humanoid robot falls on an
object when no controller is active, Fig. 1(a). When the
proposed fall controller is turned on, the robot successfully
avoids falling on the objects, Fig. 1(b).

The fall direction change controller exploits the fact that

Although the loss of balance and fall are rare for gegardless of its complex motion, a falling humanoid can
humanoid robot in typlC&' controlled environments, it will betopp|e only about an edge or a vertex of its support base.
inevitable in physically interactive environments. The resulve appropriately change the robot's support base geometry
of a fall can be severe both to the robot and to objects ang modify the position and orientation of this leading tipping

people in the vicinity.

edge. This profoundly in"uences the robot's fall behavior

One can ignore the possibility of a fall and wishfully as it is guided away towards a free area. The support base
hope that its effects will not be serious. However, failurgeometry is modi®ed through the lifting of a foot or a

studies, such as in car crash, have taught us against behawfgpping action, and the speci®c parameters for these actions
according to this instinct. In fact, planning and simulatiorare selected using a brute-force process. Additional improve-
of failure situations can have enormous bene®ts, includingents are achieved using inertia shaping [2] techniques.
system design improvements, and support for user safety and

con®dence. Following this philosophy we closely focus our

attention to the phenomenon of humanoid fall and attem) " ®® st b,
to develop a comprehensive control strategy to deal with th /
undesired and traumatic #failure® event.

Time is a premium during the occurrence of a fall; a single¢
rigid body model of the Honda ASIMO robot indicates thalt
a fall from the vertical upright stationary con®guration dut
to a mild push takes about 800-900ms. In some situatios
the time to fall can be even shorter, and there is no opportu-
nity for elaborate planning or time-consuming control. Yet,
simulation and experimental results indicate that meaningfily 1. A forward force of 230N applied to the robot. With no control,

the robot falls on an object, (a), and successfully avoids the objects when
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There are several major improvements compared to oemployed servo loop gain shift to reduce shock due to

earlier work, as follows: fall[16]. Fall damage minimization is obviously of natural

a) Multiple Objects: During a fall among multiple interest in biomechanics[17].
objects, the robot must try to avoid falling in several di-
rections. In this paper, we newly formulate the fall direction
control as a minimization problem, wherein the robot tries to This section will describe some of the key concepts used
minimize its deviation from a desired fall direction. The robothroughout the paper.
algorithmically determines the desired fall direction from the .
location of obstacles and the impending fall direction. Witﬁl_\' Geometric Setup . .
only one object the robot had only one fall direction to avoid, !N 3-D, both the robot and the surrounding objects are
attempting to fall as far as possible from this direction (&PProximated by circumscribing vertical cylinders centered
maximization problem). See Sec. IV-A. at their respective CoMs. On the horizontal projection, the

b) Control Trigger: As described in [1] the Fall Trigger OPi€cts are represented by circles and the robot is represented
Boundary (FTB) of a robot encloses a region in the robot’8y @ circle with its center at the CoM and the maximum
state space in which a given balance controller is able {69 Spread as its diameter (Fig. 2(a)). We assume that the
stabilize the robotAn exit through the FTB is an indication POsition and size of the objects are known to the robot at all
of a certain falland this event was used to activate a switcimes. Following the con®guration space formulation used
from the robot's balance controller to a fall controller. In ourl? traditional motion planning algorithms [18], the object
current work, the fall trigger, which is the earliest predictiorfircles are grown by the radius of the robot circle and the
of a fall, is distinguished from the control trigger, whenrobot is reduced to a point (Fig. 2(b)). The entire planning
the control is launched. The controller must wait till theProcess uses information in polar coordinates X with the
control trigger because fall trigger may occur too early for th@0int robot at the origir(0;0), wherer 2 R™ represents the
robot to possess suf®cient information to make an intelligeAtStance from the point robot argi2 Q =[0; 2p] represents
decision. See Sec. lI-D. the direction. The directiorm = O represents the reference

¢) Simultaneous Foot Placement and Inertia Shaping:direction with respect to which all objects’ positions and
The inertia shaping technique [2] to control the Overa|9r|entat|ons are known. Only objects Wlth|n a radius of 1_.5
composite rigid body (CRB) inertia [3] of the robot cannottimes the height of the ropot are conS|d_ered for the planning
be launched before foot placement is completed, becauRBECess and the other objects are considered too far from the

the two actions may be in con’ict. Therefore, we introducg©bot to be hit.
partial inertia shaping which is a procedure to change % Safe Fall
the CRB inertia of the robot simultaneously during foof oo 2 Gogﬁ?&tr 120 : soRegions
placement, without using the joints involved in the latter RN : : :
See Sec. IV-B. o
d) Inertia Shaping about CoP:The inertia shaping R Rt
procedure is used to change the CRB inertia of the robc,{ - B S o 180
In this paper we perform inertia shaping at the center ¢ ' C
pressure (CoP) and not at the CoM, for reasons discussed \ .=~ . :
Sec. IV-B. e ™

IIl. KEY CONCEPTS

Il. RELATED WORK — P
A number of recent papers reported on the damage min- () (b)

imization aspect of humanoid fall. In their exhaustive work_. . ,
Fig. 2. The 2-D projection. (a) The yellow circle represents the robot.

. . ig.
FUJ|Wara_et al. ([4], [3], [6], [7]{ [8]) proposed m"flrt'al art_s Its center is located at the robot's CoM and its diameter is equal to
type motion for damage reduction, computed optimal fallingobot's maximum leg spread. The object circles shown in green are the

motions using minimum impact and angular momentum. angrcumscribing circles of the objects' 2-D projections. (b) The object circles
', are grown by robot's radius and the robot reduces to a point. Safe fall regions

fabricated SpECial hardware for fal_l damage StUdy- Ogata (chlan shaded cones) are the free cones in which the robot can fall without
al. proposed [9], [10] two fall detection methods based on albitting an object.

normality detection and predicted ZMP. The robot improves

fall detection through exponential learning or through on- o

line CoM trajectory calculation. Renner and Behnke[11] usB: Fall Direction

model-based approach to detect external forces on the robotn this paper, fall direction is de®ned as the vector con-
and Daniel Karssen and Wisse[12] use principal componenecting the robot's initial and ®nal CoM ground projections.
analysis to detect fall. Following human movement baset@he initial state is at control trigger and the ®nal state is the
search procedure Ruiz-del-Solar et al. implemented a loground robot touchdown, estimated using inverted pendulum
damage fall sequence for soccer robots[13]. In [14], [15imulations. At fall trigger, all controllers on the robot are as-
fall detection and control are treated together using Gaussianmed to be stopped and the joints are locked with the robot
mixture models and Hidden Markov model. Ishida et albehaving like a rigid body until control trigger is reached.



0.2
After control trigger is hit, the only active controller is the _ 02

safe fall controller that is described in Sec. IV-B. The fa||§ 01
direction is independent of the intermediate con®guratior§
of the robot, which implies that it is independent of the
CoM positions during fall. In the geometric setup describe o
in Sec. lll-A, the fall direction is given by an angtg 2 Q. >
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A safe fall region, characterized by an object-free cone, (a) (b)
is the set of continuous fall directiong() with no objects , o _ _ .
inside th depicted b in Fig. 2(b). Th Fg. 3. Capture point trajectories of a falling humanoid. Steady tipping
Insige them as depic e y Cya_n Con_es In Fg. ( ) E9&sults in a straight line trajectory (a), and unsteady tipping motion results
represent the set of directions in which the robot can falh a multi-segmented line (b). The straight line segments in (b) indicate
without hitting an object. The number of safe fall regions§teady tipping about an edge even though the leading edge may change.
Nsf, IS given by:

Nst = Nopj! Nint (1) ending at the current time. If steadiness is not reached within
a time limit, the control trigger is automatically triggered

d the fall controller immediately launched. The number of
sequential capture points considered, the allowable limits of
collinearity and the time limit are all hand tuned for better
performance.

D. Fall Trigger Vs Control Trigger IV. SAFE DIRECTION CHANGING FALL

The planning and strategy evaluation procedure discussedThe fall direction change problem can be divided into two
in [1] was done at the occurrence of fall trigger. Fall trigger iphases: planning and control. The planning phase consists of
set off by a fall predictor and represents the earliest warninigtelligent strategy selection and determination of a desired
of an impending fall. Although the fall predictor may predictsafe fall direction. The robot's current and predicted states
the imminence of a fall very early, we might not, at that pointand the safe fall regions are taken into account during this
have suf®cient information to select the best controller.  stage. The control phase consists of execution of the chosen

For example, the fall controller assumes that the estimati®trategy. This section discusses these two phases in detail.
of fall direction is accurate. This assumption holds only forA

T . L . Planning
a steady fall, where the initial and terminal fall directions ) o ) ) )
coincide. For other cases, where the fall direction evolves 1) Scoring Fall Directions:Each fall directiorg, receives

with time, this assumption may not hold. Therefore, ifVO scores(él;:ﬁz),vyhose weighted sum gives the total score
order to make the best controller selection and launch tife @S Shown below:

where,ngp | is the number of non-intersecting objects amg
is the number of pairs of intersecting expanded objects. T

whereSH represents th¢'" safe fall region (free cone).

controller, we must ®rst ensure that the robot's tipping g Dqr. _
motion is steady. Control trigger is the instant, simultaneous g = 1 g if a5 2 SH @)
or subsequent to the fall trigger, when the robot's tipping N ifqs, 2 SF
motion is ascertained to be steady. 8
We have used the Capture Point[19] trajectory to evaluate 3 %as! aPj )
the steadiness of the tipping motion. The capture point is a ooy, L, if a2 SR
point on the ground to which the biped, when subjected to a = 3 2ag! a? i (3)
perturbation, can step to and stop without requiring another T~ if 5 2SF andqy " SH
step. Capture point is estimated using a linear inverted :
pendulum model and is directly proportional to the velocity d= W1§1+ W2§z: Wi+ Wo= 1 (4)

of CoM. During steady fall, the capture point trajectory is
approximately a straight line (Fig. 3(a)). But, when there is ¥/here,Dq; represents angle subtended by e safe fall
spinning motion about an axis normal to the ground, the falegionSF, qf represents the absolute angle of the bisector of
is no longer steady and the capture point trajectory changgse jt" safe fall regionPgy,.,, represents the angle subtended
direction as shown in Fig. 3(b). by the largest safe fall region amg, " SF means that the

It is generally true that the longer we wait following ji" safe fall region is the closest tgr,. It is to be noted
the fall trigger, the better is our estimate of all quantitieshat whengy, 2 SF, s, 2 [0;1];S, 2 [0;1];S 2 [0;1] and when
pertaining to the fall. Although a moment before the roboty;, 2 SF, §, = 1;5,> 1;§ > 1. i.e. the safe fall directions
touches the ground, we can predict the fall direction witheceive a score less than or equal to one, whereas the unsafe
100% accuracy, there is no time to do anything useful. Séall directions receive a score greater than one. The total
there is a trade-off between information and time. scores is zero when the fall directioq; is at the bisector of

At every instant we evaluate the steadiness of a fall bthe largest safe fall region. Therefore, lower the score, safer
computing the collinearity of a set of past capture pointss the fall direction.



2) Foot Placement StrategieShe planner evaluates and | Stategies:

. . A—No Action
selects from three foot placement strategies: a) No Action| g_jjiaLeg
b)Lift a Leg and c)Take a Step. g:;z':;s;zr;
a) No Action: There is no attempt at controlling the | inertia Shaping
robot beyond locking all joints and letting the robot fall down :En—exlv:gﬁa?:g
as a rigid body. This strategy is adopted when the default fall

direction of the robot is already deemed safe.

b) Lift a Leg: This strategy is evaluated only when
the robot is in double-support phase. It involves two sub-
strategies, 1)lift left leg and 2)lift right leg. Lifting a leg
reduces the extent of support base to a single footprint. Al-
though apparently simple, this strategy can exert signi®car
in"uence on the toppling motion.

c) Take a Step:This strategy involves taking a step
from the robot's current position. The number of possible
stepping locations provides a number of sub-strategies to b
evaluated. An inverted pendulum model is used to estimate T
the amount of time available before the robot touches the Best StrategyA Score Strategy
ground. This is used as the control duration for estimating
the allowable stepping region with leg Jacobians[1].

An appropriately taken step changes the support bas Yes
geometry the most and can exert a powerful nudge to thq evauate Select Minimum
robot's fall direction. However, it also takes a relatively | ~8C SEaIe SIEELY
long time to complete the step, and if the robot is already ves . |-
undergoing tipping, there might not be enough time to @ Best of (A,B,C)
complete the step. There are cases where the swing foc No
touches the ground before the step completion due to sevet Best Strategy
inclination of the robot. D + Best of (A,B,C)

3) Inertia Shaping Strategiestnertia shaping (Sec. IV-
B.2) strategies are sometimes used in conjunction with, anc Start Control
at other times as a replacement for, the foot placemen

strategies.

a) Whole Body Inertia Shapingrhis strategy involves
employing inertia shaping techniques on the entire robot.
This technique recruits all the joints and replaces the foot
placement strategy when it fails to produce a safe fall.

b) Partial Inertia Shaping: This strategy involves us-
ing inertia shaping techniques only on those joints on the
humanoid that are not involved in the stepping.

4) Strategy SelectionThe strategy selection is done in @ Fig 4. Decision making procedure for safe fall planning and control.
logical manner as presented in Fig. 4.

In case of steady fall, the fall direction estimation is more
accurate and thbo ActionandLift a Legstrategies are given strategy is chosen to be the desired direction for the partial
preference ovefake a Stegtrategies because the former arenertia shaping procedure. This fall direction corresponds to
guaranteed for a successful completion. In case of unsteatie local minima closest to the current fall direction. While
fall or when theNo ActionandLift a Leg strategies fail to the optimal foot placement strategy tries to do the best it can,
produce safe fall, all foot placement strategies are evaluatedrtial inertia shaping tries to move the body to the closest
and their estimated fall directions are assigned scores. Thafe fall region.
strategy with the minimum total score is chosen to be the The strategy selection procedure described above happens
optimal safe fall direction. As one can see, even when nonly at control trigger. The strategy execution described in
foot placement strategy produces a safe fall direction, thec. IV-B happens after control trigger as shown in Fig. 4. At
algorithm chooses the strategy with the lowest score thany future time after execution of the chosen strategy, if the
corresponds to the fall direction closest to the safe fall regiomobot's fall direction is unsafe, whole body inertia shaping

When no foot placement strategy produces safe fall, partid initiated. The bisector of the safe fall region closest to the
inertia shaping strategy is coupled with the optimal footurrent fall direction is chosen to be the desired direction of
placement strategy. The bisector of the safe fall region closdsil and the inertia shaping procedure tries to achieve it.
to the direction corresponding to the optimal foot placement Finally, if the robot's inclination angle exceeds a maximum
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threshold, all the motors are turned off, i.e. all joints are
unlocked, in order to reduce damage due to impact.

B. Control

This section describes the implementation of stepping and
inertia shaping strategies.

1) Stepping Control:Given a desired stepping location,
we can achieve it by controlling the leg joints through inverse
kinem_ati(_:s. However, precise stepping is not trivial in casg, 5 Comparing inertia shaping about CoM (left) and CoP (right).
of a tipping robot. The robot behaves as an underactuatefipsoids with solid and shaded outlines, in each case, denotes current and
system and based on its joint angles, the robot does risisired inertia, respectively. Note that inertia shaping about the CoP allows
know that it is tipping. The only way the robot would know? Mevement of the CoMGto G, which the other does not.
this is with the use of other sensors like a gyroscope. The
Honda ASIMO robot has a 3-axis gyroscope and 3-axig Take a Stemnd stance leg joints fduift a Leg The CRB
accelerometer, which can provide the information needed {Rertia Jacobiar, can be re-written as:
compute the base frame's tipping transformation. The base
frame is attached to the centroid of the trunk. The controller J =[Imis el )
uses Jacobians to control the stepping motion. The necessary

joint velocities & to move the swing leg to the desiredWhereJpisis the CRB inertia Jacobian corresponding to the
location is given by: joints that are free from foot placement strategy execution,

whereasJrp is the CRB inertia Jacobian corresponding to
&= JFIE#(@%! %) (5) the joints involved in foot placement strategy execution.
The desired angular velocities to attdinby partial inertia
where, J&” is the pseudo-inverse of foot-to-foot Jacobip ~ Shaping are given by:
ﬁszggtli%e%re the linear velocities of the right and left feet Gis= s (gl 11 Jep Gp) (8)
2) Inertia Shaping Controlif the foot placement strategy WhereJg,s is the pseudo-inverse dbis anddep is given by
fails to produce a safe fall, the robot can attempt to changge controller for the optimal foot placement strategy.
the fall direction using inertia shaping [2]. This technique
changes the fall direction by generating an angular momen-
tum in the desired direction of fall. In inertia shaping we
control the CRB inertia of the robot.

V. RESULTS

We simulated the fall control procedure on an ASIMO-
like humanoid using Webots[20]. The robot's environment

The inertia shaping control described here is used to move Sﬁt (ijp ,\[N_'tth :ourkoct:)jel\(/:lts 6;2 iho_wn Itn lFflg. L ﬂ;ed.rf?bOt Its
the robot in a desired direction, whereas in [1] it was used ggushed at its trunk LOM wi orizonta’ forces of diteren
move the roboaway fromthe direction to be avoided. Details magnitudes and directions and the performance of safe fall
of deriving the desired inertia matriy can be found in [1]. °°”"9"er for each case was analyzed. All forces are of

Here inertia shaping is performed about the CHB and duration 100ms. Some of the results are presented here.

not about the CoMIE) as in [1]. This makes sense beause Flngdinl SPOWS t::e jalfe Iag rfeg|tonf anr?] t::f S,[(;Otres C\?vrr:e;n
the desired angular velocity used to derive the desired inerts g to each evalaled Toot placement stralegy whe
ushed with a forward force of 230 N. It also shows safe fall

is computed about the CoP frame and hence the inerfta . . o
shaping procedure should also be done about the same frade 2 result of choosingake a Stegstrategy after identifying

LT - . at No Actionand Lift a Leg do not result in a safe fall.
Moreover, partial inertia shaping is more effective about Co&hen the robot is pushed with a backward force of 210 N,

This i h i ki igni . .
'S is because the arm con®gurations make more S|gn|®c%net default fall is safe. Our planning procedure successfully

contributions to the CRB inertia about CoP. So, the desire ]
. . . . . . — etects steady fall and choosé¥s Actionas the best strategy,
inertia matrixly derived here is about CoP i (Fig. 5). which results in a safe fall as shown in Fig. 6. Fig. 7 shows

To implement inertia shaping, we string out the 6 uniqu : s
elements_of the CRB inertia matrix in the form of a vector‘::f\he safe fall behavior as a result of choosibigt a Leg

e 3" ,%6 ,. Next we obtain the CRB inertia JacobianStrategy after identifying a steady fall when pushed with a

J which maps changes in the robot joint angles into corf-OrWard force of 210 N.
X X Fig. 8 shows safe fall as a result of choosifgke a

:/i?gg;g'sn?ocgt?:iﬂesa@"Ei:\'/’eilA; _J' dg. The desired joint Stepand Partial Inertia Shaping As expected we can see
d 9 y: signi®cant arm motions in this case. Although the push force

&= 3¢ (Al A (6) s in the same direction as in Fig. 7, the robot falls in a
different direction due to high nonlinearity in the system.
whereJf is the pseudo-inverse df. Fig. 9 shows safe fall as a result of performii¢hole Body

Eq. 6 is used for whole body inertia shaping. Duringnertia Shapingwhen all foot placement strategies fail to
partial inertia shaping, we recruit only the upper body jointproduce safe fall antlo Actionstrategy is the optimal foot



Fig. 6. Successful detection of safe fall with no support polygon change.

The robot was pushed with a backward force of 210 N, duration 100ms.|:ig_ 9. (a) Whole body inertia shaping starts when no foot placement
strategy produces safe fall aftb Actionis optimal, and (b) Safe fall as a
result. The robot was pushed with a force of 370 N for 100ms, to the right.

90 —NA

@ (b)

Fig. 7. (a) Lifting a leg to change direction, and (b) Safe fall as a result.
The robot was pushed with a forward force of 210 N, duration 100ms.

Fig. 10. Comparing the performances of different strategs.- No
Action TS- Take a StepandPIS - Take a Step- Partial Inertia Shaping
The CoM trajectory during each strategy execution is shown. The robot is

placement strategy, in the sense it is the best of all tI“Rér'Shed with a forward force of 235 N. Only PIS produces safe fall.

unsuccessful strategies.
V1. CONCLUSIONS ANDFUTURE WORK

We presented a generalized planning and control algorithm
for direction changing fall control of humanoid robots among
multiple objects. The planner assigns scores and selects a
desired fall direction. Next it logically evaluates a set of
strategies and selects the optimal strategy for the desired
direction. The controller executes this strategy in an interac-
tive manner such that real-time modi®cations can be made
@ ®) in case there is a risk of failure.

In this work we have introduced the concept of control
Fig. 8. () Taking a step and moving arms to perform partial inertia shapingrigger and distinguished it from fall trigger, which was used
(b) Safe fall as a result dfake a Stefand partial inertia shaping Strategies. . . . .
The robot was pushed with a forward force of 235 N for 100ms. The greelllﬂ earlier work. While fall trigger corresponds to the mere
line shows the unsafe fall direction if partial inertia shaping was not usedorediction of a fall, control trigger corresponds to when the
robot can make a useful control decision.

No Action Take a St d vartial inertia shapi ratedi fih foot placement to improve the fall performance. The
0 Action 1ake a Ste@nd partial Inertia shaping Strategies, ., jey employed whole body inertia shaping when other

when the robot was pushed with a forward force of 235 I\Istrategies were predicted to fail or when the selected strategy

Th_e CoM _tra!ecto_nes shpw th_at safe fall was produced b%as sensed to leading to failure. Several successful safe fall
using partial inertia shaping witiake a Stefstrategy. behavior of an ASIMO-like humanoid under a variety of
All the above results are for cases where the robot Wasiternal disturbances are reported.
standing stationary when pushed. We also tested the fallThe planning procedure presented in this paper assumes
control strategy for cases where the robot was pushetlg  the following: (i) the estimated fall directions are good
walking One result is shown in Fig. 11. approximations of the real fall directions atié) all strategy
Full simulations of all the above results can be found inmplementations are complete, by which we mean that the
the companion video °Generalized Direction Changing Falobot reaches the desired con®guration corresponding to the
Control of Humanoid Robots Among Multiple Objects®.  strategy before it falls. The ®rst assumption is due to the use






