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1 Introduction

Walking under foot-slip conditions often results in falling and
slip-and-fall presents a major health risk, especially for elderly
population [1]. The resulting injuries from fall-related incidences
are the largest cause of economic burden among elderly, and the
second largest in the general population [2]. Extensive research
work have studied slip-and-fall problem from clinical perspectives
with focus on experimental testing and analysis. For example, the
work in Ref. [3] explored the benefits of training elderly individu-
als to walk on a slippery surface or treadmill. In Ref. [4], the sta-
bility of slip-induced gait in older adults was assessed as a
function of the center of mass (CoM) and the contact between the
foot and the ground was considered as a major factor. The differ-
ent response in muscle actuation for expected and unexpected slip
was demonstrated in Ref. [5]. A fast and reliable algorithm for
slip detection in human walking was introduced, and the detection
algorithm was built on bipedal dynamics [6].

Dynamic models are widely used in robotics research to study
bipedal walking stability. Hybrid zero dynamics (HZD) is often
used to describe and generate robotic bipedal gait [7]. Most of
these modeling developments assume nonslip foot/ground contact.
The HZD of human walking with foot slip was presented in
Ref. [8], while Ref. [9] used HZD to create a stable gait of a
bipedal robot with foot slippage. A compass gait with foot slip
was analyzed in Ref. [10]. However, no analysis or balance con-
trol was designed in the above-mentioned research work. The syn-
thesis of a stable nonslip gait was conducted using concepts such
as the capture point [11]. The capture point defines a location on
the ground where the zero moment point should be placed in order
to stop the motion [12]. Capture point and zero moment point
were used for slip controller in Ref. [13]. While they are useful
for gait generation, those concepts however cannot be directly
used to quantify the stability of the walker under arbitrary control.
The capture point concept was also extended into the capturability
regions [14], which give all the possible locations for foot place-
ment to stop in a finite number of steps. Capturability regions
were analyzed for an inverted pendulum model under foot slip
[15]. While capturability considers the ability to stop, viability is
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tion results and robustness is demonstrated in the presence of measurement noises as
well as variations of foot/ground friction conditions. In addition, the proposed methods
and models are used to analyze the data from human walking experiments. The multiple
subject experiments validate and illustrate the balance recoverability concept and
analyses. [DOI: 10.1115/1.4053098]

described to avoid falling [16]. We extend the viability develop-
ment in this work and design controllers to assist walkers to avoid
fall under foot slip.

Using an inverted pendulum model has shown success in pre-
dicting many underlying characteristics of bipedal walkers
[17-20]. Inverted pendulum-based models were also used to
describe gaits with foot slip [13]. One of the most widely used
inverted pendulum models is the linear inverted pendulum (LIP)
model [21]. To retain the favorable properties, a two-mass LIP
model was introduced and used for bipeds under foot slip [22,23].
The main advantage of the LIP model lies in its simplicity and
thus analyses can be used to reveal the underlying fundamental
principles. In Ref. [24], motion manifolds were introduced as geo-
metric curves to define trajectories in the phase space for efficient
optimization-based gait control. The work presented in this paper
is inspired by the motion manifold concept for slip dynamics.

We use the two-mass LIP model to analytically obtain motion
manifolds in the phase plane in the presence of foot slip. The
dynamics are analyzed across different regions of the phase space
such as safe, recoverable, and fall-prone regions. Built on these
balance recoverability regions, an optimal control, a bang-bang
controller, and a multi-step strategy are proposed. Simulation
results are presented to validate and demonstrate analysis and con-
trol design. Both the dynamic model and the balance recoverabil-
ity regions are applied to and compared with human experiments.
The contributions of this work are threefold. First, we introduce
and comprehensively analyze recoverability for walking gait
under both nonslip and slip conditions. The new recoverability
and motion manifold concepts provide an analytical tool to under-
stand slip dynamics and gait stability. Second, a new recoverabil-
ity region-based controller is proposed to successfully prevent
bipedal walkers from fall. The use of motion manifold is new and
provides an enabling tool to design balance recovery control under
perturbations such as foot slip. Finally, we use the recoverability
concept to analyze human-subject data. To the best of the authors’
knowledge, this is the first time recoverability is applied to
humanoids and verified by human subject data. Compared with
previously presented conference publications [22,23], this work
extends the recoverability with additional analyses, controller
design, and extensive experimental and simulation results.

The remainder of the paper is organized as follows: Section 2
introduces the dynamic model and motion manifold. Section 3
presents and analyzes the recoverability regions. Section 4 uses
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Fig. 1 Two-mass inverted pendulum model in the sagittal
plane: (a) human walking gait with two mass LIP and (b) sche-
matic of the kinematics modeling setup

the recoverability concept to design the recovery controllers. The
performance of the controller is demonstrated by simulations in
Sec. 5. Section 6 uses human experiments to analyze stability and
recoverability. Finally, concluding remarks are summarized in
Sec. 7.

2 System Dynamics and Motion Manifolds

In this section, we first present the two-mass LIP model and
then introduce the motion manifolds that will be used for recover-
ability analysis in the next section.

2.1 Dynamics Model. Figure 1(a) shows the simple setup of
the two-mass LIP model for a human walker and Fig. 1(b) illus-
trates the modeling schematic. We consider only the walker’s
motion in the sagittal plane. The model includes two concentrated
masses, m; and m,, connected by a massless telescopic rod. The
point mass 1, is located at the point of contact between the foot
and the ground and represents the mass of the standing leg below
the knee. m; represents the mass of the rest of the body and is
assumed to always maintain a constant height z above the ground.
The horizontal positions of m; and m, are denoted by x; and
X,, respectively, with x, representing the location at the center
of the stance foot. When the foot/ground contact is stationary,
Xy = X, = 0, and m, is stationary.

The horizontal and vertical ground reaction forces are denoted
as F, and F,, respectively. The horizontal distance between ni,
and the foot center of pressure (CoP) is defined as u and is consid-
ered as the walker’s control input. u is positive when CoP is
behind (posterior to) m, and negative when CoP is in front of m,.
The upper bound for the control input # is denoted as u™,
namely, —u™* <y < u™*. The value of u™* depends on the
joint torques such as ankle strength. The equation of motion for
the two-mass LIP model is given as [22]

. .. my +m T, F.
xlfxzzliz(xlfszru)JrLguf—"x (1

nmoz z no
where constant 7, = m > 1 and g is the gravitational constant.

m
We define the horizontal distance between the two masses as & =

x1 —Xxo and 6 > 0 when m, is in front of m, in the direction of
walking. By taking ¥, = 0 in the absence of foot slip, the equation
of motion is rewritten from Eq. (1) as

6 = 0 (0 + ryu) (€3

where constant o = /g/z. For the case when foot slip is
present, x, > 0, Coulomb friction model F, = —uF, is used,
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where F. = (m; +my)g and p is the foot/ground friction coeffi-
cient. Using Eq. (1), we obtain

o= m @*(8 4 rpu + piz) 3)
nyp

We write Egs. (2) and (3) in a unified form as
0 = (3 + A+ rpu) %)

with constants A=0 and 2, = w? for nonslip case and A = uz
and @2, = = . ? under foot slip.

Tm—

2.2 Motion Manifold. The advantage of using linear dynam-
ics with the local coordinate variable ¢ is that Eq. (4) can be
solved analytically and therefore enables the introduction of
motion manifold. Given a set of initial conditions (J¢, dg) and
under constant input u = u, the solution to Eq. (4) is obtained

b
o(r) = —Osinh(wmt) + (00 + A + ryug)cosh(wpt) — A — o
m

(%)

and its derivative
b(z) = 5ocosh(wmt) + @ (90 + A + rpug)sinh(w,t)  (6)
We rewrite the above solution in form of a relationship between ¢
and ¢ without explicit time 7. The motion manifold % is presented
as a curve in the 0-0 plane. By using Egs. (5) and (6) and noting

the identity cosh?(x) — sinh?(x) = 1, the motion manifold M for
Eq. (4) is obtained as

M2 02 (0% — 02) + 2(A + o) 2, (0 — 3g) + de — 5 =0 (7)

and we arrange the above equation as

B
(0 + A+ rpup)’ )
52 - 2 =1 (8)
(60 + A + rmuo)z - w_gn (50 +A + rmu())z - é

Manifold M captures the implicit time dependence between 6
and ¢ and their motion direction (vector field). Equation (8) repre-
sents a family of hyperbolic curves with foci on the abscissa
where each set of initial conditions (dg, 0¢) defines a single
hyperbola. Figure 2 shows a family of motion manifolds M to
illustrate the general shapes. In the cases of constant u and the
absence of any external perturbation, the dynamics of the system
follows M in the phase plane. Motion manifolds obtained under
zero actuation uy = 0 are called nominal manifolds.

To analyze the relationship between an arbitrary state and a
given manifold, we introduce a measure of Riemann distance
from the nominal manifold %, denoted by &. The value ¢ is
inspired from Ref. [24] and is taken from the left side of Eq. (7)
with uy = 0 as

6= 20 +20A2, — 5 + g — 0% — 248007 (9)

Note that ¢ =0 denotes zero deviation and in this case (9) yields
the nominal manifold. By using motion manifold % and metric o,
the problem of solving a differential equation given in Eq. (4) is
transformed into a significantly simplified geometric problem of
choosing the appropriate manifolds % governed by the algebraic
equation in Eq. (8). The recovery control problem is then related
to regulating ¢ to zero.

Transactions of the ASME

220z Arenigad 1 uo sesn Aysieniun s1ebiny Aq Jpd-zL0LS0 SO viL 01G/956£289/210LS0/S/v L /Apd-alonie/[edlueydswolq/bio-swse: uopos|jooenbipawse)/:dny woly papeojumoq



Stable and Unstable Manifolds

Fig. 2 Nominal manifolds for various initial conditions (60,50)
with same parameter A> 0. The intersection of the two straight
asymptotes defines the saddle point (—A,0). The manifolds
converging towards the first quadrant (green) represent forward
progression of CoM, while the ones converging to the third
quadrant (red) lead toward backward fall.

3 Balance Recoverability Under Foot Slip

This section introduces and defines the concept of balance
recoverability. As shown in Fig. 2, while some initial states allow
the walker to maintain forward progression (i.e., curves converg-
ing towards the first quadrant), others inevitably lead to falling
(i.e., curves converging to the third quadrant). Each set of initial
conditions (Jg, dg) uniquely defines a manifold and the walker
deviates from the manifold in the case of external perturbations or
under control input u. We can quantify and distinguish these
manifolds. For example, these green-colored manifolds in the fig-
ure are considered stable since a walker with states on them main-
tains forward progression, while red-colored manifolds are
unstable, as the walker does not maintain forward progression and
eventually starts falling backward relative to the stance foot. The
recoverability regions define such differences.

3.1 Balance Recoverability Regions. The sets of motion
manifolds yielding qualitatively different gait stability are encom-
passed in the definition of balance recoverability regions as follows.

DerNiTiON 1 (Balance recoverability regions). A bipedal walker
with nominal manifold (9) and initial condition (¢, do) at ty is
within the safe region R * if its nominal manifold M is a hyperbola
with positive § or a conjugate hyperbola with positive 0; within a
recoverable region R" if there exists a feasible control input u
and time t; > ty under which its states enter R* at t;; and within a
fall-prone region ®/ if its states lie outside R’ U R .

Within a single foot step, it is possible to transit between different
regions. Depending on the control input, a walker in recoverable
region ®" can stay within ®, or it can transit to either ®* or R/,
Under foot slip, a walker in ®* can keep within ® * or transit to ®/. A
walker in ®/ would have to stay within ®/ unless additional recovery
steps are taken or the foot/ground contact becomes nonslipping.

To precisely compute the recoverability regions in the above
definitions, the separation lines " and B are defined as the inter-
facing boundaries between the recoverable region ®" and the safe
and the fall-prone regions (®* and ®/), respectively. The separa-
tion line between ®°* and R is obtained as an asymptote of the
nominal dynamics hyperbola (i.e., u =0)

B ={(8,0): 6 = —w,(d+A)} (10)

Control input u = ™ is used for computing the separation line

3" between ®” and ®/. Plugging ™ into Eq. (8) yields the
expression for B
BT ={(0,0): § = (0 +A+ 1, u™)} (11

Using the above calculations, the safe, recoverable, and fall-prone
regions are then captured as follows:

Journal of Biomechanical Engineering

A>0,0% = ﬁ‘_—lwz

Tm

RS R RS
r
BSI‘
Rf BSI‘
w0 Brt
Brf
0 0
1 0

Fig. 3 Safe (%), recoverable (®"), and fall-prone (&) regions.
Left: normal walking without slip, right: in presence of foot-slip.

RS =1{(0,8): 0 > —wu(d +A)} (124)

R ={(0,0) : —0n(d + A+ ru™™) < § < 0, (5 +A)}
(12b)

& ={(0,8): 6 < —wp(d+A+ru™)}  (120)

Figure 3 shows the schematics of the regions and corresponding
separation lines. We now present a result that justifies the above
use of u™™ in Egs. (11), (12b), and (12¢) to compute the bounda-
ries of regions ®*, ®”, and ®/.

LemmA 1. The recoverability regions ®' and R/ are obtained
under the maximum control input u = u™*.

Proof. We prove the results by contradiction. Suppose that the
recoverable region ® is given by a control input u; < u™**. The
boundary @' is given by J = —®,,(5 +A + r,u;). Let us then
consider a point B with coordinate (J,, ;) in the phase plane such
that —w,, (02 + A + rpu™) < 0y < =Wy (02 + A + rpuy). It is
straightforward to obtain that B lies outside the recoverable region
R defined by u;. However, if applying the control input 2™, the
dynamics follow a conjugate hyperbola and according to Defini-
tion 1, point B belongs to ®", thus resulting in contradiction. Simi-
lar reasoning can be used for ®/. |

3.2 Recoverability Regions Under Nonslip/Slip Conditions.
In order to understand the change in dynamics at the onset or ter-
mination of foot slip, we analyze the possible transitions between
two recoverability regions. The dynamic models under nonslip
and slip cases are different and therefore, the defined recoverabil-
ity regions are not the same under these two conditions. We thus
need to know the relationships among the recoverability regions
under nonslip and slip gaits.

Under a sudden foot slip, a set of possible transitions happen
between normal nonslip walking recoverability regions ®;, R,

or ®/ and those regions ®%), RS, or f&; under slip condition. Sub-

scripts “n” and “sI” are used to denote the nonslip and slip walk-
ing cases, respectively. Since the onset of slip is instantaneous,
state variables (0, ) remain the same right before and after foot
slip. Because the regions change instantaneously under nonslip or
slip cases, the same point in the phase plane might transit to a dif-
ferent region under the new condition. To quantify the possible
transitions, Fig. 4 illustrates the overlaid two sets of recoverability
regions under nonslip and slip conditions. We focus on the second
quadrant of the J-0 plane as this is the beginning of the stance
step where slip occurs.

By examining Egs. (10) and (11), it is clear that two pairs of
boundary lines & and ®T are parallel, i = sl,n. Furthermore,
note that @2, > ?, these two sets of parallel boundary lines inter-

sect at four points, denoted as P; = B’ N @;f, P, = B N 38y,
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Fig. 4 Overlapping the boundary lines and the three recover-
ability regions for presence and absence of foot slip reveals the
set of four intersection points P, i =1,2,3,4, and nine distinct
sets S;,j=1,...,9

P; = @7 N @1, and Py = BT N B%; see Fig. 4. Points Py, P,, and
P always appear in the second quadrant, while the location of P,
depends on model parameters values. By using Eqgs. (10) and (11)
for the boundary lines and substituting the corresponding values
for the slip and nonslip cases, the coordinates for the four intersec-
tion points are obtained as follows:

Py (7"1/)(/"2 + rmumax)’ rww(ﬂz + rmumax))

PQ(*I’(U‘UZ, I’wCL)‘U.Z), P3(*I‘[,“u2 - rmumax7 rww,uz)

1
Py (—rm (uz — ™y 1 — r—) s Too(pz — rmu"“")>
m

where r,, = (14 (/1 —1) > 1.

The two pairs of parallel boundary lines partition the second
quadrant of the 0-0 plane into nine distinct sets, denoted as
S1,...,89 as shown in Fig. 4. Note that P, represents the upper
limit of intersection region Sg = R{; N R3;. Therefore, when P, is
located below the abscissa line ¢ = 0, the two regions do not
intersect, that is, Sg = (. In other words, if puz < rju™**, keeping
the model within ®, becomes a sufficient condition to avoid both
fall-prone regions ®; and ®7. This observation is helpful for
designing a recovery strategy. Since the condition pz < rju™*
relies solely on the ground friction condition and the maximum
control capabilities #™**, neither of these parameters is controlla-
ble by the walker and therefore, cannot be used in the balance
control strategy.

To design a safe gait, a particular interest should be given to set
S that represents the intersection of the safe sets for slip and non-
slip cases, i.e., §1 = R; N R, For a walker within §, it is safe
regardless of slip status. Therefore, §; is always preferred and
serves as a target set for the controller. We express .§; as follows:

S1 = {(5,5) : 5 > max (w . i (5+,uz),w5>} (13)

m— 1

Conversely, set 3 U SeUS7 U S USy = Rf« U Q{fl encompasses
fall-prone regions and therefore the walker should always avoid
this set.

4 Balance Recovery Control

Considering the aforementioned recoverability region analysis,
we present a recovery controller design. To maintain walker’s sta-
bility, two types of strategies are taken: a continuous within-step
(i.e., one step) control # or multi-step recovery control. A combi-
nation of these two strategies is also used to help optimize the foot
placement in additional recovery steps. The decision about the
control strategy is based on the recoverability estimation such that
a recovery step is taken only when the within-step control is insuf-
ficient to maintain balance. Figure 5 illustrates the flowchart of
the recovery control strategies. In the following, we first present
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0.9, 4, Biped Plant

Fig. 5 Flowchat of the controller design. The current walker’s
state is evaluated in terms of recoverability and in turn deter-
mines the appropriate control strategies.

the within-step control design and then multi-step recovery
strategies.

4.1 Within-Step Recovery Control. When current state
(0,0) lies in ®?, it is not prone to backward fall. For this case, we
design an optimization-based control u that minimizes the devia-
tion from the desired nominal manifold as well as the control
effort. Given the target state (J;,9,), the control u* is given by
solving the following optimization problem:

u* = argmin C,, = argmin
u u

5,
W.e? + J (Waa* + W,»uz)dé] (14)
s
where cost C,, = W02 + f;'(Wdaz + Wiu?)d§ is computed in the
0-0 space. In Eq. (14), g, represents a terminal cost, which is a
metric of the distance of (J, ) to the target manifold at the point
of nominal step transition. W,, W,, and W; are the weights related
to the terminal cost, deviation from the desired trajectory, and the
control input, respectively. The deviation ¢ from the target mani-
fold is obtained by substituting (¢, o) in Eq. (9) with (J;,9,),
namely,

6= 30 — 0 + 20402 — 248,02 +6. — 8 (15)

To efficiently obtain the solutions to Eq. (14) for real-time
applications, we build a precalculated look-up table offline and
use it online. Using the configuration variable ¢ in the local coor-
dinate system and the deviation ¢ from the target motion mani-
fold, the calculation of the look-up table does not need to be
repeated for every time-step due to the generalized treatment of
the dynamic model (9). Therefore, a single table in the d-o space
provides the optimal control input u for any combination of the
current (9, 0) and target states (J,, J,). This is one of the attractive
features of using the motion manifold. )

We now present how to obtain the target state (J;, J,). The tar-
get state uniquely defines a single hyperbolic manifold in Eq. (8).
For a walker in the safe region, i.e., (J,0) € R*, the goal is to
return to periodic walking, which is characterized by a desired
CoM velocity. Since the velocity ¢ changes throughout the gait, we
define the mean CoM velocity J as the average of ¢ during a single
step manifold in the J-0 space. We denote the beginning and the
end points of a periodic walk step as d; and —dy, respectively.
Using Eq. (8) with ug = 0, J is then calculated over [d, —J,] as

< 1% 2
_ 2 52 2
0 %, L \/wm6 + O ypex T 2A0;,0d6 (16)

s

where Sapcx is the apex velocity, that is, the velocity at J =0.
Given the desired walking velocity 0, we use Eq. (16) to solve
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5apex, numerically. This would give the target state as
(01, 0¢) = (0, Oapex ), Which is used in Eq. (14) to obtain the opti-
mal control input u*. )

If the current state is in the recoverable region, i.e., (9,0) € R,
the gait would result in a backward fall. To prevent the fall and
ensure maximum robustness, we propose a bang-bang type control
where a maximum control input #™* is applied. According to
Lemma 1, ™ is necessary and sufficient for returning to ®°*
from any point in ®”. If the walker’s current state is in the fall-
prone region, i.e., (3,8) € ®/, within-step recovery is impossible.
Nevertheless, it would be beneficial for the overall recovery
sequence by applying maximum control input x#™* because it
maintains the minimum deviation ¢ between the current manifold
and the recoverability boundary ®". This would generate maxi-
mum time duration before fall and thus allow the swing foot pos-
sibly enough time to position itself and prevent the fall with
taking additional steps as we discuss in the next section.

4.2 Multi-Step Foot Placement and Control. While a fall-
prone state cannot avoid falling using only the within-step control,
balance recovery is possible by taking additional steps. In this case,
target state (J;,9,) needs to be specified. For the nonslip gait, the
origin is often specified as the target state and is commonly used in
capturability-based analysis [14]. We generalize this approach by
specifying the target as a stationary point in the phase portrait. For
the two-mass LIP model, the only stationary point in the phase por-
trait is the saddle point; see Fig. 2. For a model under foot-slip, the
saddle point is defined as (—A, 0). Reaching the saddle point as the
target allows a slipping model to maintain constant state (6, 9) for
prolonged time while the slipping foot is decelerating.

To characterize the manifold, we consider the intersection of M
and the coordinate axis. For a walker in ®/, we define Syerex as
the point where the current manifold crosses the abscissa and the
forward progression of the model stops (i.e., 0 = 0). Therefore,
from Eq. (8) with 1y = 0, we obtain Jdyepex as

2
(5+A)° *57 17

5vertex =-A-—

The goal of the step location planer is to transit the walker from the
current manifold with (Jyerex, 0) to the target manifold with (—A, 0).
In general, we consider the case of N-step recovery sequence,
N € N, and each step is designed to decrease the distance between
(Overiex 0) and (—A,0) proportionally by 1/N. Therefore, the target
configuration for each subsequent step in the N-step recovery
sequence is denoted by the point ¥ with coordinates as

x/tV = (7A + (N1; 1) (5vcrtcx +A)7 0) (18)

Figure 6 illustrates the schematics and examples of one-step
and two-step recovery. Each step represents a horizontal jump in
the 0-6 plane, denoted by a horizontal dashed line. In this exam-
ple, A=0 and the target configuration is (J,d,) = (0,0). The one-
step recovery commands the trailing leg to make a longer step
backward, bringing the model onto the nominal manifold through
the target configuration. For the two-step recovery, the intermittent
step is selected such that the vertex distance of the intermittent step
is one half of the vertex distance before the step is taken.

When a step is taken from within the safe region ®°, a recovery
to periodic walk is considered. Manifolds within ® * only intersect
with the ordinate, which we denote by Jpex. Similarly as in the
above description, in this case, each step in the N-step recovery
sequence to periodic gait is specified by coordinates as

. (N_l) Sa ex_(.sha eX
xItV = <07 5r,apex + < ;] = >> (19)

where & rapex 18 the target apex velocity by solving (16).
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Fig. 6 Multi-step recovery from R. Top: one-step and two-
step and the corresponding vertex velocities. Bottom: sche-
matics of the model when ¢ = 0 shows the vertex configuration.

Taking a step represents a discrete and instantaneous jump in 9.
The location of the Nth step is given by 5?/ , the configuration of
the model immediately after taking the Nth step. 5';’ is initially cal-
culated as a horizontal distance between the current state ¢ and
the target manifold specified by xI,V defined in either (18) or (19).
The actual stepping location xV is subsequently refined by solving
the following optimization problem which reduces to the need for
within-step control:

& — argmin (cw(a, 3)) + Wy (3" — 55*1)2) 20)

o

where C,, is the cost associated with the continuous control design
given in (14), and W is the weight of the cost of changing the
planned location. The difference of 6" — &Y' is included to
penalize the variation of the states at the beginning of the consecu-
tive steps. This term ensures that the model avoids excessive var-
iations and prefers periodic gaits.

5 Simulation Results

We conduct simulation studies to validate and demonstrate the
analyses and control design. We tailor the parameters of a two-
mass LIP model to accurately represent human anatomy. From
Ref. [25], the foot and the shank account for 1.45% and 4.65% of
the whole body mass, respectively. Therefore, the ratio of the
masses in the model is given as m; /my = 15.39. The vertical dis-
tance between the ground and point mass m; is defined as
z = 0.55H, where H represents the person’s height. A height of
H=1.73 m is used in simulation to match the average height of
the subjects performing the experiments as described in the next
section. The maximum control input is considered to be #™* =5 cm,
which is taken from the experiments reported in Ref. [26].

Figure 7 shows two examples that demonstrate the within-step
controller performance. In the first case, the initial velocity Jg
(red-colored solid line) is higher than the desired value (dash line)
while the second case depicts a velocity (blue-colored solid line)
lower than the desired value. The nominal manifold running
through the target state is denoted as the target manifold. We also
plot ¢ as the distance from the target manifold and its values con-
verge to zero rapidly. The plot also includes the control input .
The line ¢ =0 in the J-o plane clearly describes the trajectory
convergence under the control.

Figure 8 demonstrates the performance of the within-step
control under model and measurement noises and variations.
Figure 8(a) shows the performance of the within-step controller
under model errors and random noise. A simulation of slipping
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Fig. 7 Performance of controller converging the model to tar-
get manifold. Top: evolution in the -6 phase space. Middle: the
same evolution in §—o¢ space. Bottom: control input u.

gait is set in motion at the point dyp = —0.25 m with the velocity
lower than the desired value. In the figure, the dashed curve repre-
sents a nominal manifold through a preselected target state. Given
the knowledge of the current and target states, the optimal control-
ler guides the model (red curve) to converge to the desired mani-
fold (dashed line). The simulation is repeated with added noises to
the estimates of both 6 and ¢ (i.e., measurement noises). Even
with the noises, the controller demonstrates robustness by success-
fully converging toward the nominal target manifold rapidly.

Figure 8(b) shows the control performance with uncertain
ground contact friction. The red curve shows the performance of
the controller using the actual foot/ground friction coefficient
1 =0.1. Two other simulation runs are conducted with *20%
variations of the actual u value as the friction estimates in the con-
trol. In all cases, the system achieves to converge to the desired
target states. However, inaccurate information about u increases
the control effort as the model does not follow the nominal mani-
fold. In terms of balance recoverability, underestimating u is con-
sidered as a safe option. This can be seen in Fig. 8(b), where for
each 0, the velocity ¢ with estimated i = 0.08 is higher than that
in the case with estimate p = 0.12.

Figure 9 shows the performance of the multi-step slip recovery
control. The model is set in motion with foot slip at the state
(0,0) = (—0.3, 0.4), which lies in the fall-prone region. The con-
trol algorithm selects the saddle point (—A, 0) = (—0.1, 0) as the
target state and initiates a recovery step. Since a behind/posterior
recovery step is taken, o increases and the step is depicted in the
0-0 plane as a horizontal jump from T; to T, in the figure. After
the step, the walker is in the safe region ®; and the within-step
controller is used to return to the target state (—A, 0) € ®?,. As
the contact foot comes to rest, X, = 0, the slip stops (at 73). By
the schematics in Fig. 4, T3 € S5 and the transition ®§, — R, hap-
pens. Under the controller, the gait returns to the safe region T4 €
®; and periodic motion is then recovered. Gaits Ts to Ty
characterize the recovery steps toward periodic gaits Tg and 7.
All T,-T) are in safe region R ;.

T1o_ ___________________________ Ty
12z Asoooooooooo AT
Te Ts
— Periodic
» 0.8 Slip gait manifold >
\E’/ starts
o &
0.4+ Tl‘. ______
Recovery step
0 L L 3, L L L L
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
6 (m)

Fig. 9 Multi-step recovery sequence: T;: unstable slipping
within Q;, initiates recovery step to T,. T,—T;: stable slipping in
®Rg» Ta—Tg: recovery to periodic gait without foot slip, Te—To:
periodic walking without foot slip in ® 3.

6 Human Experiments

6.1 Results. We further take human subject data to demon-
strate the modeling and recoverability framework. Eight healthy
young subjects (26*3 years old) were recruited to take slip-and-
fall experiments. Subjects were outfitted with a harness system to
prevent them from hitting the ground in case of a fall but did not
affect their movement under foot slip. Subjects were instructed to
repeatedly walk on a wooden platform at a comfortable self-
selected pace. After the subjects were comfortable with the setup,
unbeknownst to them, the ground conditions were changed by
applying lubricant to a patch of smooth polymer surface in the
middle of the walkway to create foot-slip gait. A motion capture
system was used to obtain the kinematic data of the subjects and
these data were later processed to extract the CoM and foot/
ground contact point kinematics. The approval for the study was
granted by the Institutional Review Board at Rutgers University.
The detailed experiment setup is described in Ref. [26].

Figure 10(a) presents the -0 trajectory of the multi-subject
experiments for both nonslip and slip cases. Due to different self-
selected paces, the velocity is normalized with the average veloc-
ity 0 of normal nonslip gait and ¢ is normalized by the height of
subject’s CoM. Figure 10(b) shows the recoverability analysis of
the human-subject gaits. The results match the model predictions
as all the normal gaits are in safe region ® ;. Conversely, due to
exceptionally low friction coefficient (around p = 0.1), all of the
slip cases are in fall-prone region Q{,ﬁl. While some subjects were
successful in avoiding fall, they did so by either taking additional
recovery steps, or by allowing their slipping foot to slide off of
the slippery portion of the platform with encountered increased
friction. None of the subjects was able to avoid fall without taking
a step or experiencing increased friction.

We take a detailed look at one of the successful recovery exper-
imental trial. Figure 11(a) shows the snapshots of a single trial,

25} —d=5
P ‘2 - ——§'>6,8 >4
3157 ——§' <6,0 <6
o 1l
5 v
E
s
5”’7 ”””” / — ————— R s W E—
-0.25 0.2 -0.15 -0.1 -0.05 0 0.05
6 (m)

(@)

Fig. 8 (a) Effects of estimation error and noise on controller performance. &' = 6+0.02 m, §' = 5+0.4 m/s. (b) Perform-
ance of the controller in the case of inaccurate friction coefficient x. Top: evolution of the model through phase space
with accurate, underestimated, and overestimated u. Bottom: control effort is reduced if the friction coefficient used

by the controller matches the true value.
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Fig. 10 (a) Normal walking and slipping gaits for multiple subjects. Solid lines represent mean values while the
shaded area represents the standard deviation across multiple subjects. The axes are normalized so that the gaits
with different paces are comparable. (b) Experimental results compared to balance recoverability regions. Solid lines
represents the mean, while the shaded area represents the standard deviation of multiple subjects’ results. Top: nor-
mal walking gaits without foot slip are a part of the safe region R;. Bottom: at the onset of slip, the region boundaries
change and all slipping gaits are within the fall-prone region Rg,.

——1) normal walking
——1I) slipping low friction

——1ll) slipping high friction
1V) no-slip recovery

-0.2 0 0.2 0.4

-0.4 -0.2 0 -0.4 -0.2 0

(©

Fig. 11 (a) Human subject during successful slip recovery: 1) and 2) normal walking gait; 3) start of slip on the right
foot; 4) slipping foot transitions from the low to the high-friction ground; 5) the right foot stops slipping on the ground; 6)
positioning the left foot to bring the CoM velocity to zero. (b) Successful slip recovery due to change in friction condi-
tions. Solid lines represent experimental data and dotted lines represent simulation results. Abrupt increase of u between
red and black curves changes the trajectory of the manifold. (c) Top: periodic phase | and nonslip recovery phase IV are
part of safe region without foot slip. Bottom left: during slip with 4= 0.1 the walker enters the fall-prone region. Bottom
right: change in the friction coefficient to u = 0.4 moves the boundary 5" bringing the walker into a safe region.

starting with normal walking, continuing with slip and ending
with successful slip recovery. Figure 11(bh) shows the gait progres-
sion in the 0-0 plane. The subject was able to successfully avoid
falling backward, continued forward progression, stopped his slip-
ping foot and ultimately came to a resting position. This was pos-
sible due to the change in friction conditions. Slip was initiated as
the subject stepped onto the lubricant covered polymer part of the
walkway with a low friction coefficient (u ~ 0.1). The slipping
step was initiated near the end of the slippery surface and slipping
continued until the foot reached the high-friction walkway with a
high friction coefficient (1 ~ 0.4), ¢ increased and the slipping
foot stopped, bringing the subject back to normal walk. We add
the simulation results using the two-mass LIP model in Fig. 11(b).
By the proposed design, the control input # = ™ is taken when
slip starts. For the nonslip recovery, u = —u™ is used to bring

Journal of Biomechanical Engineering

the gait to stop. The simulation and the experimental results are in
good agreement.

Figure 11(c) shows the regions corresponding to each part of
the slip-recovery sequences. The region boundaries change when-
ever the standing foot starts and stops moving on the ground, as
well as with the change in the friction coefficient y. An increase in
the friction coefficient effectively translates the @' and 3" bounda-
ries toward further negative J, moving the current state in R’;, to
safe region ®?. A noticeable deviation exists between the model
and experimental results in phase IV in Fig. 11(c). This is due to
the subject’s swing foot intermittently touching the ground and ini-
tializing double-stance phase thereby modifying the CoP location.

We next look into one trial where the subject was unable to
recover under foot slip. Figure 12(a) shows a consecutive series of
gait snapshots when a subject attempted but failed balance
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Fig. 12 (a) Human subject during unsuccessful slip recovery: 1) normal walking gait; 2) start of slip; 3) and 4) slipping
on the right foot; 5) left leg touches the ground and becomes standing leg, continuing slip on the left leg; 6) falling gait.
(b) Severe slip with unsuccessful recovery. Solid lines represent experimental data and dotted lines represent simulation
results. Each of the marked points matches one of the snapshots in (a). (¢) Unsuccessful recovery and the corresponding
recoverability regions. Each curve matches one part of the gait in (b). Top: periodic walking gait without foot slip. Bottom
left: slipping gait with 4 = 0.1. Bottom right: slipping gait with 1 =0.4.

recovery. The subject walked with normal nonslip gait when they
encountered a change of foot/ground friction condition, causing
the right foot to start slipping; see snapshot 3) in the figure. The
subject attempted to recover by taking an additional step with the
left foot; see the two-mass LIP sketches in snapshots 4) and 5) in
Fig. 12(a). At the moment of the heel strike, the left foot was
already moving relative to the ground, and the subject continued
to slip on the left foot. As the subject was unable to recover and
the CoM moved vertically toward the ground, the safety harness
system stopped the movement to avoid any injury; see snapshot 6)
in Fig. 12(a) for subject’s fallen state.

Figure 12(b) shows both the simulation and experimental
results in the J-0 plane. Periodic walking and initial stages of
slip are similar to the previous successful recovery case. In the
later stages of slip, at the moment of snapshot 3), some perturba-
tions happened probably due to motion near to the edge of the
slippery platform or by subject’s reaction to the unexpected slip.
The subject continued the recovery sequence by taking a recov-
ery step. A step is denoted as an instantaneous jump in the con-
figuration of the model from snapshots 4) to 5) in Fig. 12(b). While
the horizontal velocity of CoM was continuous and remained
unchanged in the transition from snapshots 4) to 5), the left foot
was moving faster than the right foot, thereby further decreasing .
Figure 12(c) shows all three segments of gait progression phases
with relation to the recoverability regions. It is expected that the
periodic gait and slipping on the right foot are completely within
regions ®® and R ', respectively. After the recovery step, the region
boundaries changed as the left foot contacts nonslippery part of
the walkway. While this transition shifted the region boundaries,
the gait remained within ® and the subject was still unable to
Tecover.

6.2 Discussion. The multi-subject results in Fig. 10(a) show
that normal walking gaits exhibit the expected shape of conjugate
hyperbola while the slipping dynamics leads to backward fall
as predicted theoretically in Fig. 2. Both normal walking and
slipping gaits show notable variability between different sub-
jects. Subject-specific parameters such as the mass ratio r,, or the
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CoM height z contribute insignificantly toward the variability.
Instead, the differences between subjects can be explained by the
variability in subjects’ self-selected step length and walking
speed.

Comparing the theoretical predictions to the experimental
results, it is not surprising that the deviation is most notable at the
boundaries of each trajectory portion, where the walker’s gaits
transit among different regions or exhibit double-stance phase. In
particular, the double-stance phase of the gait introduces challenges
when determining the CoP location and then J. The CoP is confined
to the support polygon which is significantly larger during the
double-stance phase compared to the single-stance phase. The
increased uncertainty in the CoP location and consequently o leads
to discrepancies between the simulation and experimental results dur-
ing the double-stance phase of the gait. Fortunately, the double-
stance phase is only a small fraction (e.g., 10-20%) of the entire
walking gait cycle duration and therefore, the above-mentioned dis-
crepancy is not significant. In order to completely achieve reliable
modeling during the double-stance slipping experiments, the subjects
might need to be outfitted with pressure sensitive insoles or a similar
device that can be used to reliably estimate the overall CoP location.

The modeling and recovery strategy could serve as a high level
control design specifying u and thus the location of CoP. For prac-
tical application, this high level controller needs to be combined
with an assistive musculoskeletal stimulation or exoskeleton devi-
ces to help prevent people from falling due to slip. Integration and
extension of the presented recovery control with the wearable
knee exoskeleton developed in Ref. [27] for slip-and-fall preven-
tion is one of the ongoing research directions.

There are still some limitations of the proposed work. The two-
mass model stems from the assumptions such as the constant
CoM height and all of the mass being concentrated in discrete
points. The comparison of simulation and human experiments
suggests that these assumptions and simplifications be reasonable
both for nonslip and slip gait recovery control. Relaxing the con-
stant CoM height assumption would offer additional insight into
analyzing and predicting slip dynamics and is a direction for future
research. Another limitation of the study is that the influence of the
upper extremities on slip recovery strategies is not explicitly
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considered. It is possible to consider and replace the mass m; in the
current model with a flywheel to explicitly model angular momen-
tum contribution of upper limbs. This is another future research
direction to extend the current model and control design.

7 Conclusions

The two-mass LIP model enabled us to explicitly study slip
dynamics and offered an analytical tool to understand gait stabil-
ity in the absence and presence of foot slip. Analytical solutions
helped translate the problem of dynamic stability into geometric
analysis of the motion manifolds. The balance recoverability con-
cept was introduced based on the developed motion manifolds.
The closed-form analytical formulation and correspondingly low
computational burden made the recoverability framework useful
for both gait analysis and balance recovery control. A controller
was formulated to optimize efficiency when fall was not imma-
nent. The simulation results have demonstrated the recoverability
analysis and performance of balance recovery control under foot
slip. We also applied the analyses to human subject experiments.
All subjects’ data were shown to be in accordance with the predic-
tions by the modeling and recoverability framework. We are cur-
rently working on extension and experimental implementation of
the work on a bipedal robotic walker.
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