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Abstract— While a number of controllers exist for dynamic
humanoid walking over known uneven terrain, the ability
to negotiate moderate changes in ground height without en-
vironment perception is still lacking. Such capability would
mitigate problems caused by inaccurate sensing and reduce
online terrain-dependent computational requirements. This
paper proposes a 1-step terrain adaptation strategy for hu-
manoid walking based on the 3D actuated Dual-SLIP model.
A flexible gait to negotiate unknown terrain is synthesized
from a series of consistent gait adaptations acquired from
off-line optimization with this simple model. Being open-loop
prior to touchdown, the strategy requires no perception of the
terrain. Also, the resultant terrain-robust swing foot trajectory
exhibits human-like characteristics such as leg retraction and
extension near the end of the swing phase. Through a task-
space control framework, the model-derived gait is embedded
into the high-DoF ATLAS humanoid model. In the final result,
a “blindfolded” ATLAS model reliably walks over randomly
generated uneven terrain (with per-step height changes of up
to 5% of the leg length) at a constant midstance speed.

I. INTRODUCTION

Most existing controllers that allow a humanoid to walk
dynamically over uneven terrain are based on simple tem-
plate models [1], [2], [3], [4]. In [4] for example, gaits gen-
erated with the 3D Dual-SLIP [5] model enhanced with bio-
inspired leg actuation, as shown in Fig 1, demonstrated a rich
set of human-like characteristics. All of the aforementioned
controllers, though, require predetermined footstep locations
or exact information about upcoming terrain height changes.
In these cases, system trajectories may be tailored to the
terrain knowledge such that the adaptations occur prior to
touchdown, as illustrated in Fig. 2a.

Even with advanced sensors, however, robots will in-
evitably encounter unforeseen obstacles and at times, inaccu-
rately perceive the terrain. These uncertainties pose problems
for the strategy in Fig. 2a, as the planned trajectories are
inconsistent across changes in terrain height. In other words,
from midstance (MS) to touchdown (TD), each trajectory
corresponding to a specific terrain height is unique such that
the robot cannot smoothly transition from one to another if
touchdown occurs earlier or later than anticipated. Rather
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Fig. 1: 3D actuated Dual-SLIP model embedded in the
ATLAS humanoid model. The cylinder that is connected
in series to each spring represents a linear actuator that
effectively changes the rest length of the leg spring.
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Fig. 2: Illustration of (a) inconsistent and (b) consistent gait
adaptations showing center of mass trajectories relative to a
stance foot. The Poincaré section is taken at midstance (MS),
and the touchdown (TD) events are shown as red dots. The
dashed gray arrow indicates an update of the stance foot
position once per step.

than tailoring the gait to the terrain, robustness may be
afforded instead using an open-loop strategy prior to touch-
down with trajectories that are consistent across possible
terrain heights, as shown in Fig. 2b. More specifically, a gait
adaptation g for a terrain height change ∆h is defined as a
tuple g = (∆h, tTD,X) that includes the next foot touchdown
time tTD and a trajectory of the model X : [0, T ] → X



from midstance to midstance of some duration T through
a state space X . A set of terrain adaptations G is then
considered consistent across terrain heights if ∀ g1, g2 ∈ G
with ∆h1 ≥ ∆h2, tTD,1 ≤ tTD,2 and X1(t) = X2(t)
∀t ∈ [0, tTD,1]. In other words, any two gait adaptations are
consistent if the center-of-mass (CoM) trajectories coincide
until touchdown for the trajectory associated with the higher
terrain height, which must occur earlier than touchdown for
that of the lower terrain height. This paper generates such
trajectories with a simple-model-based approach to achieve
terrain-blind humanoid walking. Other strategies addressing
terrain uncertainties for a compass-gait walker [6] and planar
five-link biped [7] could possibly be extended to humanoids.

In running, time-based feedforward swing leg strategies
have been studied extensively to improve the robustness of
the traditional (single leg) SLIP model to unforeseen terrain
height disturbances. For example, a constant leg retraction
rate or acceleration can significantly increase the basin of
attraction of self-stable 2D SLIP running gaits [8], [9]. Ernst
et al. [10] mapped all the steady-state solutions on a constant
forward speed manifold in the parameter space for 2D SLIP
running. By connecting the fall-time-dependent solutions,
time-driven control laws were identified for both the angle
of attack and spring stiffness. Similar work [11] focused
on controlling the 2D SLIP for a fixed running height. Wu
and Geyer [12] extended [10] and developed a time-based
deadbeat controller for 3D SLIP running over unobserved
uneven terrain. Van Why et al. [13] adapted 2D SLIP running
to uncertain terrain through a time-based rest leg length
trajectory after touchdown optimized for actuator work.

Comparatively less work has addressed terrain uncertainty
in walking template models. Vejdani et al. [14] identified the
periodic limit cycle in the 2D Dual-SLIP walking gait (with
an approach similar in spirit to that in [12]) and designed a
deadbeat control policy for the touchdown angle to recover
from sudden terrain depressions in 2 steps. Extension to 3D
Dual-SLIP walking, however, would be challenging due to
the much larger state space, thereby limiting application to
humanoid control. Also without leg actuation to modulate
the total energy of an otherwise conservative system, the
model falls into a different limit cycle every time it encoun-
ters a terrain height disturbance. Very recently, the highly un-
deractuated bipedal robot ATRIAS demonstrated 3D “blind”
walking over arbitrary uneven terrain with periodic actuation
of each leg (synchronized with 180◦ phase difference) and
footstep heuristics derived from the 3D Dual-SLIP model
with damping [15]. The applicability of these heuristics to
robots, such as humanoids, with less SLIP-like morphologies
is yet to be determined.

To the best of the authors’ knowledge, no dynamic walk-
ing controller for a humanoid has yet enabled negotiation
of moderately uneven terrain without terrain perception. In
contrast, humans can easily adapt to unobserved terrain
unevenness in a prepared environment (such as a speed bump
or a missing tile) without loss of speed. This paper extends
the work in [4], which required exact terrain information,
and develops a 1-step terrain adaptation strategy that allows

the 3D actuated Dual-SLIP model to walk over uncertain,
uneven terrain. It goes on to show how the terrain-robust
strategy for this simple model can be embedded in a high-
DOF humanoid model to enable it to walk blindly over
randomly generated uneven terrain.

The remainder of this paper is organized as follows. For
completeness, Section II briefly reviews the walking gait
optimization formulation for the 3D Dual-SLIP model over
known uneven terrain from [4]. Introducing the concept of
the 1-step adaptation strategy for terrain uncertainties, Sec-
tion III details how to acquire consistent gait adaptations for
different terrain height changes and generate feasible swing
foot trajectories based on them. Section IV discusses gait
robustness and how a task-space controller helps stabilize
the 1-step periodic terrain adaptation gaits for continuous
humanoid walking. Section V ends with a summary and a
description of future work.

II. REVIEW OF GAIT OPTIMIZATION FORMULATION FOR
KNOWN UNEVEN TERRAIN

Previous work [4] proposed an off-line trajectory op-
timization process for the 3D actuated Dual-SLIP model
to negotiate known uneven terrain, and similar notation
is adopted herein. This model includes a point mass m
at position pc ∈ R3 with two springy legs that undergo
alternating periods of single and double support, as in human
walking. The optimization goal was to find 1-step trajectories
from midstance to midstance while traversing a known
change in terrain height ∆h. Midstance is defined to occur
at each instant of zero vertical velocity during the single
support phase of either leg. One leg (labeled A) is initially
in single support (SSA), while the other leg (labeled B)
is next to touch down, initiating double support (DS) and
eventually serving as the stance leg in its own single support
phase (SSB) after lift-off (LO) of leg A.

The state of the model at midstance is specified by the
position and velocity of the CoM w.r.t. the stance foot,

x =
[
(pc − pf )T , ṗT

c

]T
,

where the current support leg is used to compute the foot
position pf . Given an initial state x0 at the current midstance
and an upcoming ground height change ∆h, an optimization
problem can be designed [4] to select touchdown angles and
leg actuation controls, denoted u, that steer the Dual-SLIP
to a desired state x1 at the following midstance,

x1 = P (x0,u,∆h). (1)

P (x,u,∆h) denotes the Poincaré return map from mid-
stance to midstance, which accounts for the change in stance
foot. In particular, a state x1 is sought that results in a 1-
step “periodic” gait modulo left-right symmetry. Defining
coordinates such that the xz plane is an approximate sagittal
plane of motion, the positions and velocities in x1 and x0

differ only in the sign for the y direction,

x0 = Ax1 (2)

where A = diag ([1,−1, 1, 1,−1, 1]).
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Fig. 3: The leg actuation scheme for 3D Dual-SLIP shown
from midstance (MS) of the trailing leg (leg A, blue) to
midstance of the leading leg (leg B, red). Solid lines are the
rest leg lengths, and dashed lines are the actual leg lengths.

The control variables (u) to be optimized, many shown
in Fig. 3, can generally be divided into two groups: 1) The
phase transition variables that directly control transition
events, including the forward and lateral touchdown angles
(θ, φ) and the touchdown and liftoff leg lengths (LTD, LLO);
and 2) The leg actuation variables, including an initial
rest length at midstance for leg A (`MS), a rest length
upon touchdown for leg B (`TD), and a linear rate of
change in rest length for each leg in each applicable phase
(βA,ss, βA,ds, βB,ds, βB,ss). Figure 3 indicates that the ac-
tual leg lengths, denoted by L, can differ from the rest
leg lengths, denoted by `, even at touchdown and liftoff,
resulting in non-zero ground reaction forces (GRFs) at these
events. Furthermore, the rest leg length changes, during each
phase of gait provide the actuation that alters the flow of
energy in the system relative to a passive model.

A trajectory optimization problem is formulated over u
to find appropriate controls for a given initial state x0 and
terrain condition ∆h.

min
u

f(u) (3)

s.t. x0 = AP (x0,u,∆h) (4)
g(u) ≤ 0 (5)

u ≤ u ≤ ū (6)

where the detailed characteristics of the resultant gait are
shaped with a series of nonlinear inequality constraints
(NICs) g(u) and a cost function f(u). For known uneven
terrain, the NICs in Eq. 5 include

‖lB(tTD)‖ ≤ Lmax (NIC-1)
‖lA(tLO)‖ ≤ Lmax (NIC-2)

`B(tTD)− LTD ≥ 0.0 (NIC-3)
`A(tLO)− LLO ≥ 0.0 (NIC-4)

kA · (`A(t0)− ‖lA(t0)‖) ≥ 0.6 ·m‖g‖ (NIC-5)
kB · (`B(tEND)− ‖lB(tEND)‖) ≥ 0.6 ·m‖g‖ (NIC-6)

which set the kinematic limits of the leg, the constraint for
unilateral GRF and the minimally allowed GRF at midstance

(60% of the body weight), respectively. The cost function
f(·) is typically formulated to yield a desired double support
ratio and to minimize the instantaneous GRF changes at
touchdown and liftoff.

III. 1-STEP ADAPTATION FOR TERRAIN UNCERTAINTY

A 1-step strategy is ideal in that it can return the CoM
to the desired midstance state at the end of every step.
Assuming no terrain sensing, the control variables optimized
for flat-ground walking are employed until a touchdown
event indicates the presence of a terrain height change (∆h).
In other words, the leg actuation scheme in the SSA phase
is fixed. The actual touchdown time for leg B and the
corresponding model touchdown state will vary based on
the actual terrain height. For every ∆h within a reasonable
range, the leg actuation parameters for the DS and SSB

phases can be identified from a look-up table generated
via off-line trajectory optimization so that the CoM can be
driven from the corresponding touchdown state to the desired
midstance state within the remainder of the gait cycle. For
each ∆h, the combination of the control parameters that
result in a periodic solution, along with the corresponding
touchdown time and state, is referred to hereafter as a “gait
adaptation”. The appropriate gait adaptation to pursue is
determined after the foot contacts the ground.

Preliminary optimization results showed that the touch-
down angles and leg length must be included as optimization
variables to find viable gait adaptations for reasonable terrain
variations. This implies that some swing leg strategies (such
as swing leg retraction) are needed to adapt to an unexpected
terrain change during walking. Inclusion of these additional
variables, however, requires some modifications to the opti-
mization formulation in Eqs. 3 - 6 to ensure consistency and
dynamic feasibility among the gait adaptations.

A. Adjustment to Optimization Formulation
1) Control variable modifications for consistency: Eqs. 3

- 6 allow the leg actuation during SSA to be selected
freely. In order for the gait adaptations to be consistent,
leg actuation during the SSA phase is predetermined to be
that for the flat-ground gait. In particular, βA,ss, `MS and
kA are no longer control variables (See Fig. 3). Also, it is
generally a good practice for both legs to have the same
spring stiffness, so if kA is fixed, kB is also determined.
The adjusted optimization variables u are then

u = (θ, φ, `TD, LTD, LLO, βA,ds, βB,ds, βB,ss) .

Figures 4a and 4b illustrate the leg actuation modifications
for stepping into an unexpected depression or onto an unex-
pected bump, respectively. For the unexpected depression in
Fig. 4a, the rest lengths of both the trailing and leading legs
decrease more rapidly than on flat ground to absorb some of
the energy from the step down and lower the CoM. For the
unexpected bump in Fig. 4b, the trailing leg A rest length
increases rather than decreasing in order to inject energy
into the system to raise the CoM, and the leading leg B rest
length likewise increases throughout stance rather than only
during DS.



time

¯A;ss

¯A;ds

¯B;ds

¯B;ss
`TD

t0

re
s
t 
le

g
 l
e

n
g

th

t1

leg A, flat

leg B, flat

leg A, depression

leg B, depression

(a) Unexpected depression.

time

¯A;ss

¯A;ds

¯B;ds

¯B;ss

`TD

t0

re
s
t 
le

g
 l
e

n
g

th

t2

leg A, flat

leg B, flat

leg A, bump

leg B, bump

(b) Unexpected bump.

Fig. 4: Leg actuation modifications (through rest leg length
changes) when stepping (a) into an unexpected depression
and (b) onto an unexpected bump. The rest leg length pattern
for flat-ground walking is shown as lighter, thicker curves.

2) Constraint modifications for feasibility: The maximum
allowable leg length Lmax in NIC-1 and NIC-2 is extended
for the gait adaptation optimizations. In the case of a known
terrain depression, the post-midstance actuation of stance
leg A acts to lower the CoM in a controlled manner until
touchdown of leg B. Without such action in the case of
an unexpected terrain depression, increasing the maximum
allowable touchdown leg length enables the model to reach
for the ground after the expected touchdown time for the
flat-ground gait (t0 in Fig. 4a), achieve touchdown sooner,
and thus, start to dissipate the system energy earlier. In
the case of an unexpected bump, slightly increasing the
maximum allowable liftoff leg length enables an increase
in the duration of DS so that the trailing leg can inject more
of the energy needed to raise the CoM.

An additional nonlinear inequality constraint is also in-
cluded to prevent unrealistic rapid retraction of the swing
leg. When the swing foot trajectory is realized in a humanoid
model, a swing foot that moves too fast might result in
excessive ground impact, foot skidding upon touchdown,
and/or undesirable torso motions. Since the touchdown time
and foot position of the reference flat-ground gait are known,
the swing foot velocity constraint can be written as

‖pTD,fl − pTD,i‖
|tTD,fl − tTD,i|

≤ vmax , (NIC-7)

where tTD,i and pTD,i are the touchdown time and foot
position (in inertial coordinates) of the gait adaptation. The
subscript fl indicates that the quantity is associated with

the flat-ground gait. In the optimizations reported in the
following section, vmax = 1.5 m/s, which was estimated
from [16].

3) Fixed touchdown timing for consistency: To satisfy
the definition of consistency in Section I, the touchdown
times of the gait adaptations must be a monotonic function
of the terrain height variation. Higher terrain heights must
have earlier touchdown times. Furthermore, it is beneficial
for the function to be relatively simple and smooth to avoid
jerky motions of the swing foot when implemented on a
humanoid. Therefore, this work constrains the touchdown
time tTD,i of a gait adaptation to be a fixed value with a
constant offset from the touchdown time of the flat-ground
walking gait (tTD,fl). For simplicity, the desired touchdown
times for all gait adaptations are set to vary linearly with
terrain height change.

tTD,i = tTD,fl − τ ·∆hi . (7)

The coefficient τ that enforces the constant time interval
has units of time

distance , and in the optimizations reported in
the following section, τ = 0.006 s

cm based on the vertical
CoM speed at TD for the flat-ground gait.

B. Optimization Results & Swing Foot Trajectory Synthesis

The trajectory optimizations to identify gait adaptations
for different terrain height changes (∆h) were carried out
in both ascending (∆h : 0 → 5 cm) and descending
(∆h : 0 → −5 cm) directions with a resolution of 1 cm.
The periodic flat-ground walking gait at 0.8 m/s (forward
speed at midstance) was used as the initial seed for opti-
mizations in both directions, and the optimization for each
gait adaptation was “hot” started from the optimized result
of its neighboring gait adaptation. The Dual-SLIP model was
configured with a point mass of 80 kg, a leg length of 1 m,
and a spring stiffness of 2.5×104 N/m (for each leg).

Figures 5a and 5b show the optimization results. With
predetermined touchdown timings, the touchdown angles
and leg lengths optimized for different gait adaptations
evolve nearly linearly over the touchdown times. As a result,
a simple swing foot trajectory can be planned to traverse all
the desired touchdown configurations of the gait adaptations
at the corresponding predetermined touchdown times. The
resultant swing foot trajectory exhibits mild leg retraction
and extension of leg length toward the end of the swing
phase. Swing leg retraction is a characteristic of both human
walking and running [17]. Swing leg extension helps the
model to reach for the ground when it does not touch down
as expected. While the authors have found no biomechanics
literature verifying its existence in human walking, swing
leg extension is observed in both animal and human run-
ning [18] [19]. Another interesting finding in Fig. 5b is that
as the depth of the unexpected terrain depression increases,
the touchdown rest leg length (`TD) starts to deviate from the
touchdown leg length (LTD), indicating that the touchdown
leg experiences more ground impact.

In practice, the swing foot trajectory is realized through a
5th order Bézier curve. A nonlinear least-squares optimiza-
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Fig. 5: The optimized (a) touchdown angles and (b) touch-
down (rest) leg lengths versus touchdown times across
different gait adaptations. The resultant forward and lateral
touchdown angles show moderate linear retraction over time;
the touchdown leg lengths show linear extension over time.
The numbers by the data points indicate the associated
terrain height change (unit: cm).

tion is performed to tune the control points such that the
swing foot trajectory best fits the touchdown configurations
at the designated times for all gait adaptations. Figure 6
shows the best fit swing foot trajectory relative to the CoM.
The average velocity of the swing foot (relative to the
ground) near the end of the swing phase is about 1.4 m/s
and primarily in the vertical (−z) direction. The horizontal
velocity (relative to the ground) is small (around 0.3 m/s).

The actuation parameters for the DS and SSB phases also
evolve smoothly across different gait adaptations. Figures 7
and 8 show the vertical GRF patterns and the 1-step CoM
trajectories corresponding to the gait adaptations optimized
for unexpected ∆h ∈ [−5, 5] cm. In Fig. 8, the CoM
sequentially traverses the hollow dots (each representing
a desired touchdown CoM state for a specific touchdown
height) from left to right with predetermined timing until
the swing foot contacts the ground.

IV. INTEGRATION WITH TASK-SPACE CONTROLLER

The flat-ground walking gait and its gait adaptations for
terrain uncertainties are used to guide a high-DoF humanoid
model to walk on uncertain terrain. Through the use of a
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Fig. 6: The best fit swing foot trajectory (relative to the CoM)
that traverses the desired touchdown angles and leg lengths
for all gait adaptations with designated timing. The magenta
circles mark the desired touchdown positions for different
adaptations. The square markers indicate the control points
of the Bézier curve.

task-space controller [20], CoM trajectories in the humanoid
are stabilized toward those of the simple model. Every time
the state of the 3D Dual-SLIP model traverses a selected
Poincaré section (midstance, touchdown, or both), it is
manually reset to the periodic fixed point. This strategy
prevents numeric precision errors in the gait adaptations
from accumulating from step to step. In practice, the state
resetting happens frequently enough that the state after reset
is never too far from the original state, thereby avoiding
undesirable spikes in the joint torques and the associated
rollover of the foot. The finite-sized feet of the humanoid
model also contribute to its ability to tolerate mild reference
trajectory reset, which effectively stabilizes the unstable
periodic gait supplied by the simple model. For a highly
underactuated robot model (such as a point-foot biped),
the corrective actuation from finite-sized foot support is no
longer available. In such cases, template-based stabilization
mechanisms, such as simple-model-based LQR [21] could be
used to provide a stable continuous reference that accounts
for the underactuation of the underlying system.

With the resetting techniques described above, the terrain-
adapting swing foot trajectory designed in Section III is
implemented on the ATLAS V3 humanoid model [22]. With
such a swing foot trajectory and no terrain information
provided, the robot can still reliably walk over unobserved
uneven terrain simply by implementing the appropriate gait
adaptation upon touchdown. Figure 9 shows the ATLAS
robot in simulation “blindly” walking over an uneven sur-
face with per-step terrain height variations ranging between
−5 cm and +5 cm while maintaining a constant midstance
speed of 0.8 m/s. At times in the walking simulation,
unfavorable events such as toe stubbing and non-flat-foot
landing may occur upon liftoff and touchdown, as shown
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Fig. 7: The vertical ground reaction force (GRF) pattern
evolves smoothly across feasible gait adaptations for varying
unexpected terrain height (a) depressions and (b) bumps.
The GRFs are normalized by body weight (BW).

in Fig. 10. With the task-space controller having proper task
prioritization and PD gains, the robot remains robust to these
events. A video demonstration of ATLAS blindly walking
over randomly generated terrain in simulation can be found
at

http://go.osu.edu/ral2015video

The 3D dynamic simulation for ATLAS is performed with a
simulator based on DynaMechs [23]. The simulator adopts
a compliant contact model to simulate interactions between
feet and ground. Contact forces are modeled with a penalty-
based spring-damper model using linear springs and dampers
in both the vertical and tangential directions.

Fig. 9: ATLAS humanoid model walks over unobserved
uneven terrain at a constant midstance speed of 0.8 m/s.
The successive elevation changes are -1 cm, -2 cm, -3 cm,
-4 cm, 5 cm, -3 cm, 4 cm.

(a) (b)

Fig. 10: (a) The toe gets temporarily stuck on the ground
during liftoff and (b) the swing foot steps partially on an
edge and does not land flat.

Figure 11 compares the CoM position and joint torques
of the touchdown leg when the humanoid steps into a -4 cm
depression with and without prior knowledge of the terrain.
The touchdown leg actuation is applied significantly later
in the unobserved case than in the observed case. Also for
the unobserved case, as the designed swing foot trajectory
entails leg extension, the touchdown leg contacts the ground
in a more stretched configuration, which explains the smaller
knee torque in the second half of the step period.

V. CONCLUSION

This paper introduces a 1-step adaptation strategy that
returns the 3D actuated Dual-SLIP model to the desired
midstance state in one step in case of unobserved terrain
unevenness. Through properly constrained off-line optimiza-
tion, consistent gait adaptations are found for varying terrain
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Fig. 11: The evolution of the vertical CoM position and joint
torques of the touchdown leg when the humanoid steps down
an observed -4 cm step (blue) and when it steps down into
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mark the time of midstance (MS). The start and end of the
double support phase are indicated with triangle markers.

height changes and are used to generate a fixed swing foot
trajectory. With such a swing foot trajectory, a humanoid
can employ a flat-ground gait when walking over uncertain
uneven terrain and make leg actuation adjustments exclu-
sively after swing foot touchdown. The resultant swing foot
trajectory also demonstrates human-like features such as
swing leg retraction and extension toward the end of swing.

Future work will seek to improve the robustness of the
terrain-adapting gait so that the robot can sustain large lateral
disturbances while traversing uncertain uneven terrain. One
approach is to design a simple-model-based LQR controller
with a reasonably large basin of attraction. Another is to
generate consistent 3D Dual-SLIP terrain gait adaptations
online, perhaps leveraging recent advances in trajectory
optimization, such as [24].
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