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Abstract. Falling is an unavoidable problem for humanoid robots due
to the inherent instability of bipedal locomotion. In this paper, we present
a novel strategy for humanoid fall prevention by using environmental con-
tacts. Humans favour to contact using the upper limbs with the prox-
imate environmental object to prevent falling and subliminally or con-
sciously select a pose that can generate suitable Cartesian stiffness of the
arm end-effector. Inspired by this intuitive human interaction, we design
a configuration optimization method to choose a well thought pose of
the arm as it approaches the long axis of the stiffness ellipsoid, with the
displacement direction of the end-effector to utilize the joint torques. In
order to validate the proposed strategy, we perform several simulations
in MATLAB & Simulink, in which this strategy proves to be effective
and feasible.

1 Introduction

Due to the inherent instability of bipedal locomotion and the complexity of
work scenarios [17], falling is a common risk for humanoid robots. This short-
coming is one of the key limitations that restrict the application in more general
workspaces of these robots. To overcome this problem, there has been various
balance control methods proposed, which can be categorized into: ankle [14],
hip [23], stepping [15, 19], heuristic [5] and online learning [21] strategies. How-
ever, if the external force exceeds the maximum capability or an obstacle con-
strains the stepping space, there is still a risk of falling. Therefore, there has been
some advances in the field by proposing such strategies like falling trajectory op-
timization [18, 22], pose reshaping [17] and adaptive compliance control [16].
However, these strategies mentioned do not consider wall exploitation or the
use of utilizing differentiating environments to avoid falling. In [20], the authors
presented a method for exploiting external objects to stabilize a falling robot.
This approach uses a simplified three-link model consisting of a contact arm,
torso and a stance leg. Besides humanoids, humans also risk falling despite the
possession of excellent balance. Subsequently, it is observed that the upper limbs
are frequently used to break falls. Based on this observation, Hoffman et al. [9]
presented a novel strategy using the arms to prevent falling, this strategy com-
bines the passive stiffness of a compliance joint and active stiffness control to
obtain a target stiffness of the arm when in contact with the wall.
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Research on successful and safe fall arrest strategies of humans has attracted
a lot of attention [2,6,7,10,11,13]. Inspired by human reaction and the previous
studies mentioned, this paper presents an optimal fall prevention strategy by
using upper limbs of humanoid robots. Falls are inevitable for humans, where
the upper limbs is frequently used to break falls and primary used to absorb
impact [10, 11]. The muscle mechanism is essentially a force dampening system
which adjusts the amount of shock accordingly through eccentric contractions
about the joints [13]. The joint resistance produced by muscle corresponding
deformation is defined as joint stiffness [12]. The pose of arm and joint stiffness
play an important role at impact. For example, if the elbow join maintains a
high stiffness when contact occurs, it may result in a high damage risk due to
under attenuation [2, 3, 7]. On the other hand, low joint stiffness may result in
excessive joint gyration, thus not being able to support the body [8]. If the joint
has insufficient stiffness due to muscle weakness, the individual can stretch the
arm to compensate for this due to there being higher joint stiffness demands to
control a forward fall with increased bending of the arm [6,7].

There is a fine balance between insufficient and excessive joint stiffness that
may result in collapse or increase the risk injury respectively [4]. In order to ob-
tain a balanced relationship between joint stiffness, arm pose and arm stiffness,
we consider a tool known as the Stiffness ellipsoid which describes specifications
of desired force/displacement behavior [1]. The stiffness ellipsoid maps the joint
stiffness to end-effector stiffness, whose geometry of the stiffness ellipsoid is af-
fected by the joint stiffness and position. Along the positive long axis of the
stiffness ellipsoid, the stiffness of the end-effector can alter over a wide range,
completed by the active stiffness control within the joint. Therefore, in order to
generate the arm configuration to ensure proper interactions and contact stabil-
ity for a diverse range of tasks, we set the object to choose an arm pose with
the maximum value of the stiffness ellipsoid along the displacement direction of
the arm end-effector during contact. This object has two implicit purposes, one
is to minimize the angle between the displacement direction and the long axis
of the stiffness ellipsoid, and the other one is to maximize the long axis length
of the stiffness ellipsoid of the arm end-effector.

The presentation of this work is arranged as follows. Section 2 presents the
problems that our strategy addresses. Section 3 details the contact pose optimiza-
tion algorithm. Section 4 demonstrates simulation results and finally, Section 5
concludes the paper.

2 Problem statement

Consider the scenario demonstrated in Fig. 1, an external force is applied on the
robot in the sagittal direction to then push it positively forward. The robot may
not be able to maintain balance alone, but can prevent falling by exploiting an
external physical object in front of it, where it is defined as a vertical wall in this
paper. We assume that the distance between the robot and the wall is known,
and the robot must react quickly and efficiently to support itself using only
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Fig. 1. An illustration of the how the robots fall prevention strategy will operate using
the wall

the upper limbs. To solve this problem, we divide the process into three stages:
i) fall detection, ii) pre-impact and iii) post-impact. The first step required to
prevent the fall, is to detect the fall. The robot needs to judge whether it will
fall down based on the information from the sensor. The second pre-impact step,
is defined by the time period from when the fall is detected, until impact [8],
where it is critical for a pose to be chosen prior to contact with the landing
environment. This is where the significance and contributions of this study lie.
The post-impact step then describes the movement occurring immediately after
impact until stabilization. In this phase, the accumulated momentum during the
fall should be absorbed before exceeding the joint limits.

3 Fall prevention strategy

3.1 Fall Detection

A simple method is used for fall detection in this work. When the robot is
falling forward due to an external force, the horizontal velocity ẋCoM of the
center of mass (CoM) is measured by the onboard inertial measurement unit
(IMU). When the measured value exceeds the threshold value ẋth (here ẋth is
selected by experience), the arm manoeuvre will be executed in order to prevent
falling. Thus, when

ẋCoM ≥ ẋth,

the manoeuvre is executed.
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3.2 Contact pose optimization

Subsequent to the triggering of the fall prevention manoeuvre, the reaction con-
troller must choose a proper configuration of the arm coming into contact. Our
configuration optimizer improves the performance of the arm by using a lim-
ited supply of time and actuation power to absorb the momentum accumulated
during falling. Due to limited actuation and safety constraints, the undesired
momentum cannot be absorbed immediately. However, the momentum must
be absorbed before reaching the positional limit (joint limits and environment
collision). Therefore, the arm should have necessary compliance to sustain all
external forces without body collapse.

For this approach we want to choose a pose of the upper limp that ap-
proaches the long axis of the Cartesian stiffness ellipsoid with the direction of
the displacement following that of the end-effector. The Cartesian stiffness ellip-
soid is described by the following. Consider the upper extremity as an n degrees
of freedom manipulator, and whose hand acts as the end-effector, fixed to a wrist
in an m-dimensional task space. Let τ , be the joint torque matrix, q = [α, β]

T

be the joint configuration containing the shoulder joint, α, and the elbow joint,
β, and Kq = diag(kq1 , kq2 , kq2 , ..., kqn) be the joint stiffness matrix. Assuming
there are rigid connections between joints, the relationship between the joint
deformation and joint torque, δq, can be described as

τ = Kqδq. (1)

Mapping of the joint deformation into Cartesian end-effector displacement δx is
described by the linear relation,

δx = Jδq, (2)

where J is the forward kinematic Jacobian matrix, where J ∈ R
m×n. Consider

the relationship between the joint torque τ and the generalized force F of the
end-effector to be

τ = JTF, (3)

means we can obtain the extrapolated form

δx = JK−1JTF. (4)

Let, C = J(Kq)
−1JT , be the Cartesian compliance matrix. Where the inverse

of C is S = J−1Kq(J
T )−1 and is the Cartesian stiffness matrix. When one unit

deformation occurs at the end-effector,

(δx)T (δx) = 1. (5)

Now, substituting (4) into (5), obtains

FTCTCF = 1. (6)

In a given configuration, (6) can represent a m-dimensional force ellipsoid,
which is the Cartesian stiffness ellipsoid of the manipulator. A point on the
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ellipsoid indicates the magnitude of the generalized force applied on the end-
effector, that produces one unit displacement along the direction of that point.
The eigenvectors of the matrix constitute of the principal axis of the ellipsoid,
and the corresponding eigenvalues, are the inverse square of the semi-axis length
of the respective principal axis.

To reach an efficient balance between a soft landing and adequate support,
consider the following optimization function:

max
qe

∥

∥nTS(q)n
∥

∥ , (7)

where qe = [θ, α, β]
T
, is the joint position containing the angles of the ankle,

shoulder and elbow respectively. S(q) is the Cartesian stiffness matrix of the
arm, n is the inverse direction vector of the shoulder when contact occurs. In
order to avoid calculation of the inverse Jacobian, (7) is changed to minimize
the compliance, so that

min
qe

∥

∥nTC(q)n
∥

∥ . (8)

There is a positional constraint where the end-effector of the arm should place
on the physical object, defined by

f (Px, Pz) = 0, (9)

where the function, f (x, z) = 0 represents the profile of the physical object in
x-z plane, and Pp = [Px (qe) , Pz (qe)] is the forward kinematic coordinate of the
end-effector in x-z plane. In the following simulation carried out, the physical
object is a wall defined by f (x, z) = ax+ bz + c.

In order to obtain feasibility a few constraints are defined. To decrease the
displacement of the shoulder joint α and elbow joint β and avoid singularity, the
target position should be set within a range:

αmin ≤ α ≤ αmax (10)

βmin ≤ β ≤ βmax. (11)

The ankle joint θ is underactuated and moving under the initial external force
and gravitational force, thus the angle of the ankle joint, θ must be greater than
the angle of the arm to ensure the arm has sufficient time to reach the target
position

θmin = sin−1 (xCoM/lCoM ) (12)

+

∫ tf

0

[

ẋCoM/lCoM +

∫ tf

0

glCoM sin θ(t)dt

]

dt, (13)

where the xCoM and ẋCoM are the position and velocity of the CoM at the time
when the fall prevention is triggered. tf is the maximum time for the arm to
reach the target position:

tf = max

{

αmax

ωmax

,
βmax

ωmax

}

, (14)
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Table 1. Model Parameters.

Parameter Value Description

Total mass 25 kg
Height 0.45 m
lbody 0.3762 m from ankle joint to shoulder joint
larm 0.1782 m sum of lupperarm and lforearm
lupperarm 0.089 m from shoulder joint to elbow joint
lforearm 0.0892 m from elbow joint to end-effector
K 1e6 N/m contact stiffness
B 0.6 N/(m/s) contact damping
µf 0.6 contact coefficient of friction

where the maximum joint velocity ωmax is constrained by the hardware. The
final optimization problem is:

min
qe

∥

∥nTC(q)n
∥

∥

subject to f (Px, Pz) = 0

qmin ≤ qe ≤ qmax.

(15)

4 Simulation

In order to validate the proposed strategy, we test it in MATLAB & Simulink
under two scenarios. The parameters of the robot are listed in Table 1. The
optimal contact pose is solved by the fmincon function. The simulation scenarios
are shown in Fig. 2 and Fig. 3 with xw = 0.25 m and xw = 0.30 m respectively.
A horizontal impulsive force is applied to the rear of the robot, and the upper
limbs’ motion executes when the ẋCoM exceeds a threshold of ẋth = 0.37 m/s.

Shown in Fig. 2 and Fig. 3, the robot is initially in a standing position with
the arms naturally resting. Fig. 2(a) and Fig. 2(b) shows the robot fall forward
under the external force, where the ankle angle exceeds the threshold value, thus
triggering the arm motion. In Fig. 2(c) the arms have stroked the desired pose,
and Fig. 2(d), finally shows the arms interaction with the wall to prevent falling.
Fig. 3 replicates this, but for xw = 0.30 m.

The optimized configurations are:

xw = 0.25 m : qe,d1 = [0.3000, 0.8917, 1.0014]T

xw = 0.30 m : qe,d2 = [0.3046, 1.6652, 0.4200]T .

Fig. 4 shows the stiffness ellipsoid of the arms end-effector, and it can be
seen that the optimized joint configuration approximately aligns the long axis of
the stiffness ellipsoid with the velocity direction of the shoulder joint. Compared
with Fig. 4(a), the configuration in Fig. 4(b) has a lengthier long axis stiffness
ellipsoid, due to the sufficiency of space for a more stretched arm. The results
correspond to our anticipated human fall arrest.
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(a) 0.10 s (b) 0.20 s (c) 0.28 s (d) 0.35 s

Fig. 2. Fall prevention strategy simulation, xw = 0.25 m

(a) 0.10 s (b) 0.20 s (c) 0.30 s (d) 0.35 s

Fig. 3. Fall prevention strategy simulation, xw = 0.30 m

(a) qe,d1 (b) qe,d2

Fig. 4. The red line illustrate the stiffness ellipsoid of the arm
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(a) xw = 0.25 m
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(b) xw = 0.30 m

Fig. 5. Position of the CoM of the robot
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Fig. 6. Variation of joint position for xw = 0.25 m
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Fig. 7. Variation of joint position for xw = 0.30 m
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In order to illustrate the detailed implementation of the strategy, we show
the variation of the robot’s CoM position in x-z plane with time in Fig. 5.
Initially the robot stands upright, then an external is force impacted and the
robot begins to fall forward. The robot falls about the axis of the ankle angle
which is noticeably seen as an inverted pendulum, therefore the CoM of the robot
decreases along the z-axis and moves forward along the x-axis under the effects
of gravity. When the arm comes into contact with the wall, the CoM movement
terminates. Fig. 6 and Fig. 7 demonstrate the variation of the shoulder joint
and the elbow joint, which represents the reaction of the arm. When the fall
is detected, the shoulder joint and elbow joint rotate to emulate the target
position. Once contact between the arm and the wall occurs, the arm works as a
damping-spring system. The arm generates a resistive force corresponding to the
displacement to absorb the impact and stabilize the robot. Comparing Fig. 6(a)
and Fig. 6(b), the joint without an optimized configuration changed far greater
when contact occurs than with the normal configuration. This means that if
there is a excessive impact, the arm may have insufficient stiffness to stabilize
the robot that would result in collapse. Similar conclusions can be drawn from
Fig. 7(a) and Fig. 7(b).

Fig. 8 shows the joint torque of the arm within simulation. In Fig. 8(a), the
arm comes into contact with the wall with an optimized configuration, and it
is seen that in order to achieve the target stiffness when contact occurs, the
maximum joint torque of the shoulder and elbow joints are −12.8 Nm and 9
Nm respectively. Fig. 8(b) shows the same scenario without an optimized joint
configuration. The maximum joint torques are 18.6 Nm and 13 Nm respectively,
which are greater than in Fig. 8(a). Fig. 9 shows a similar result. The results
demonstrate that the required joint torque is smaller with the optimized config-
uration for the same Cartesian stiffness of the end-effector, and also means that
an optimized configuration can vary over a greater range as a limited actuator.
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Fig. 8. Variation of joint torque for xw = 0.25 m
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Fig. 9. Variation of joint torque for xw = 0.30 m

5 Conclusion

In this paper, a novel fall prevention strategy for humanoid robots using their
inherent upper limbs is presented. The main concept is inspired by the fall arrest
of a human; humans prefer using the direction of their respective arms stiffness
ellipsoid against the direction of fall. We present an optimized algorithm used
to generate arm posing, subsequently reducing the joint torque when interacting
with a wall in a compliant behavioral manner. The strategy is triggered by a fall
detection system, and once falling has begun, the upper limbs kinematics are
generated and executed by the optimization algorithm. Finally, validation of the
proposed strategy is completed via a simulation environment, and the results
successfully show the strategy to be efficient and effective, where the optimal
configuration shows to inherit a better performance. Future work will expand on
the same strategy applied in a 3D scenario and physical tests.
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