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Abstract—In this paper, we describe development and mod-
eling of a prototype hopping robot. The objective of our work
is to create a test platform to verify control theory for fast,
legged locomotion with limited sensor knowledge of upcoming,
rough-terrain characteristics. Resulting running gaits aim to
maximize the magnitude of unanticipated height variation, ∆h,
for which the hopper prototype can maintain reasonable control
authority of the next apex state (and subsequent foothold).
Toward quantifying controllability, we identify and quantify the
range of states that our actuation strategy allows us to reach at
the next apex height. We present the simplified model we use
to calculate these reachable regions and provide corresponding
system identification results, to justify the modeling assumptions
used. This paper provides the following contributions to the field
of practical robotics. First, we quantify the effectiveness of a
real-world series-elastic actuation (SEA) strategy in allowing for
simultaneous foothold planning and mitigation of perturbations.
Second, we report on the deployment of a proof-of-concept,
legged robot prototype being developed to test theoretical stance-
phase control strategies.

I. INTRODUCTION

Legged modalities should intuitively provide an advantage
in achieving fast, agile robot locomotion across rough terrain,
where discrete obstacles such as ditches or mole hills must be
effectively negotiated. Recent development of BigDog [1], [2]
shows that legged robots can respond to extreme perturbations
by employing practical principles for maintaining balance.
However, the trotting gaits employed by BigDog essentially
model the surrounding terrain as locally flat and continuous,
with a constant slope. Foothold selection is used to control
balance but not explicitly employed as way to avoid “bad”
footholds on terrain.

The spring-loaded inverted pendulum (SLIP) has been
widely used to model the dynamics of such running and
trotting gaits [3], from limit cycle analyses [4], to under-
standing human running characteristics [5], to an extensive
body of work on the control of running gaits [3], [6], [7],
[8], [9]. Recovery from perturbations due to sensor noise [10]
or variability in terrain height or stiffness [11] has been
investigated, as has step length planning [12]. In general, state-
of-the-art planners can achieve either careful foot placement
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or dynamic gaits for a particular legged robot [13]. Achiev-
ing both robustness to perturbations and reasonable foothold
planning simultaneously is a significant on-going challenge for
legged locomotion which motivates the present work.

In our research, we aim to decouple the problem of foothold
planning from that of responding to environmental perturba-
tions to the greatest extent practical. In running, the center
of mass (COM) trajectory is not controllable during airborne,
ballistic flight. Additionally, since perturbations are often due
to unsensed terrain variability, a successful locomotion strategy
must sometimes respond after a commitment has been made to
command a particular touchdown angle and parameters such
as spring pre-compression. Therefore, we focus in particular
on control approaches during the stance phase. Our goal is
to develop strategies to respond during the stance phase to
correct for perturbations due to unsensed terrain variability
or other external, impulsive events, while still allowing for a
significant maneuverability in foothold placement, to exploit
any information we do have about upcoming terrain.

The rest of the paper is organized as follows. In Section II,
we introduce a simplified dynamic model that includes losses,
due to an unsprung mass at the foot, and a series actuator
to adjust the force across a passive spring during the stance
phase. We present two different theoretical control strategies
and quantify the practicality of each, based on real-world
limitations we identify and anticipate for our prototype hopper.
Then, in Section III, we introduce some overall design trade-
offs and discuss two prototypes, a ballscrew driven leg (B) and
cable driven leg (C), currently under development in our lab.
Section IV describes our testing and control implementation.
We then focus on a vertically-constrained prototype of Hop-
per B and present results from various time and frequency
response tests performed in order to identify and verify our
system dynamics model in Section V. Although for practical
reasons, the presentation is given in an artificially sequential
manner, keep in mind that Sections II, III, and IV are all
integrally related and have been developed in conjunction with
one another. Finally in Section VI, we summarize the design
requirements and limitations of a practical hopper design in
decoupling the problems of perturbation recovery and foothold
selection.
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Fig. 1. Apex to apex transition with illustration of phases and events.

Fig. 2. Left side: Illustration of model parameters. L0: leg length during
flight [m], Lf : length of the fixed part of the leg[m], Lk,0: rest length of the
spring[m], k: spring stiffness [N/m], M : point mass representing the body
[kg], mf : mass of the foot [kg]. The length La is controlled directly while
Lk is a function of the commanded actuator motion and system dynamics.
Right side: Illustration of the coordinate system during stance phase.

II. SIMPLIFIED DYNAMICS AND CONTROL MODELING

A. Approximate Dynamic Model

For our control and trajectory simulations, we use a slightly
modified version of the widely used SLIP model. First, we
include an unsprung mass located at the foot to account for
energy losses. Second, we include an actuator in series with
the spring which allows us both to replace lost energy and to
trade off between forward velocity and apex height in adding
this energy. Lastly, we assume that the leg angle may be set
arbitrarily in flight by rotating the leg around its COM.

The trajectory of the model is separated into two different
phases (Fig. 1): the stance phase when the foot is touching the
ground and the ballistic flight phase without ground contact.
For this paper we will refer to the changeover from the flight
to the stance phase as touchdown (TD) and as takeoff (TO)
for the transfer from stance phase to flight.

During flight, the COM follows a ballistic trajectory which
can be described in a Cartesian coordinate system with the
following equation of motions:

ẍ = 0 , ÿ = −g (1)

The state where the maximum height y is reached is referred
to as the apex state. Since the velocity in y direction is always
zero at apex, the apex can be described using just three states
[x, ẋ, y]. During the stance phase, we use a polar coordinate
system (Fig. 2) to describe the position of the body. The state

of the hopper consist of the length of the leg L, the rate of
change of the leg L̇, the angle α (measured CCW from the
ground), and the angular velocity α̇. By using the Lagrangian,
L (2), one can derive the equation of motions for the stance
phase (3), (4).

L =
1

2
ML̇2 +

1

2
M(Lα̇)2 − LMg sin(α)

− 1

2
k(Lk,0 + Lf + La − L)2 (2)

α̈ =
−g cos(α)− 2L̇α̇

L
(3)

L̈ = −g sinα+ Lα̇2 − k

M
(L− Lf − La − Lk,0) (4)

We assume that we can change the length of actuator La
immediately. To take the limits of the actuator into account, we
later will introduce limits on the acceleration and velocity of
the commanded actuator motion. The length L will be L0 both
at the beginning of the stance phase and at its end, when the
hopper takes off again. The touchdown of the foot is modelled
as an inelastic collision which means the kinetic energy of the
foot is lost.

~v+COM =
M

M +mf
~v−COM (5)

where ~v−COM is the velocity of the COM just before TD, and
~v+COM is the averaged velocity of the body mass and the now-
stationary foot mass. The velocity of the body point mass itself
does not change due to the impact, i.e., ~v+M = ~v−M . After TO,
the hopper system will have both linear and angular velocity.
The rotational part of the kinetic energy is considered to be lost
since the leg angle will be actively driven to its new, desired
touchdown angle.

B. Stance-Phase Control of Next Apex State

Control of both foothold placement and forward dynam-
ics are achieved through a combination of the selection of
upcoming touchdown angle and control of the series elastic
actuator during stance. In this work, we focus on the problem
of control during stance. Our goals are (1) to allow for variable
step size during fast, running gaits and (2) to remain robust
to variability (both anticipated and unsensed) of the ground
height at impact. The actuated SLIP model, described in
the preceding subsection, is a hybrid dynamic system, with
alternating phases in stance and in a ballistic trajectory. To
quantify the step-to-step controllability, we look at the range
of apex states that can be achieved.

To determine this range, we simulate the hopper using the
same, representative initial conditions and the same touchdown
angle but enforce different actuator motions during the stance
phase. Regardless of the complexity of the chosen actuator
motion, La(t), that we attempt to employ (e.g., sinusoidal,
etc.), the range of achievable apex states for the model appears
to lie on nearly the same 2D manifold within the 3D space of
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Fig. 3. Actuator movement definitions.

TABLE I
COMMON SIMULATION PARAMETERS

Parameter L0 [m] g [m/s2] M [kg] mf [kg] k [N/m]

Value 0.5 9.81 7.5 1 2000

possible apex, [x, ẋ, y]. For this reason we discuss only two
output states, here forward speed and height [ẋ, y] are chosen,
to illustrate the reachable space for each class of motion, and
we test only a minimal class of motion types, La(t).

Specifically, three different kinds of motions are considered.
The first one is a unit step, illustrating the boundary introduced
by the limiting the actuator range of travel. Taking a ramp step
will identify the bound introduced by limits in actuator veloc-
ity. Ultimately, an acceleration-limited version of the ramp step
(“accelerated step”) will consider the limited acceleration of
the actuator. Since we can add the most energy if we have fast
actuator movements, we will always apply the fastest possible
acceleration to change La as rapidly as possible. All three step
types are parametrized by a start time t0 and an amplitude A,
as shown in Fig. 3.

We use two different simulation parameter sets: an initial
parameter set, corresponding to lower-power operating condi-
tions currently used (for safety reasons) during initial testing
and control development, and a new parameter set, used to
predict the performance of our final hopper design. Table I
contains parameters which are fixed and do not change across
all simulations, and Table II contains values unique to each
parameter set. The higher accelerations and speeds of the new
parameter sets are the result of higher motor voltage, larger
ballscrew pitch, and increased motor current limits. amax and
vmax are estimated values the actuator can achieve regardless
of the spring compression (i.e., in a “worst-case” condition).
The new parameter set also includes a pre-compression of the
spring at TD, to compensate for the mass of the body. This
has the advantage of reducing the spring compression without
reducing the total stance time significantly.

Using the initial parameter set, we can reach the apex states
shown in Figure 4. For Fig. 4 and 5, the y-axis shows the
apex height (y) of the COM and the x-axis shows the apex

TABLE II
DIFFERENT PARAMETER SETS

Lf [m] vmax [m/s] amax [m/s2] Lk,0 [m]
Initial set 0.37 0.5 10 0.13
New set 0.3 1.5 60 0.237

Fig. 4. Reachable apex states with different actuator motions for initial
parameter sets. Blue corresponds to the Unit Step, Green to the Ramp Step
and Red to the Accelerated Step.

Fig. 5. Different precompressions for initial parameter set. Red and green:
reachable ares without considering the limit of spring compression. Green:
reachable area with limit. Precompression values for shapes from left to right:
8cm, 6cm, 4cm, 2cm, 0cm.

velocity (ẋ). For these plots, the initial apex height is 0.7 [m]
and the initial apex speed is 1 [m/s]. The touch down angle
is selected such that with no actuation (La(t) = 0), the apex
velocity would be constant (i.e., the potential energy at apex
is reduced while the kinetic energy at apex is constant).

The simulation used to produce Fig. 4 does not limit the
spring travel, and many of the states are achievable only with
a negative spring length Lk during stance. Since negative
lengths are not physically achievable in our designs, one
possible solution is to use a pre-loaded spring, with larger Lk0,
thus increasing the total compression (and storable potential
energy) possible before bottoming out the spring travel. As
can be seen in Fig. 5 with the spring constant k from Table I,
the spring needs to be preloaded a minimum of 6 [cm] before
we are able to perform a successful jump without bottoming
out the spring. Pre-loading the spring has the negative effect
of reducing the stance time, which reduces the energy that can
be added into the system. This is observed in the shrinkage
in the area of the achievable apex states. The same effect can
also be observed by increasing the spring stiffness.

Roughly speaking, the broadness of the 2D region of pos-
sible next apex states can be mapped to the ability to control
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Fig. 6. Simulation with new parameter set. Red and green: reachable ares
without considering the limit of spring compression. Green: reachable area
with limit.

two factors, step length and total energy, of the corresponding
touchdown state. For a narrow area, these two capabilities
are too strongly coupled to effectively adjust step length and
to negotiate terrain of variable height indepedently. Updating
the actuator performance parameters to higher voltages and
alternate components expands the range of reachable states
(Figure 6). This expansion is primarily a result of the faster
actuator velocity increasing the amount of energy added during
the stance phase. The achievable states are still limited by
the allowable spring travel. To achieve higher apex heights,
either the spring needs to be stiffer or the allowable spring
compression length needs to be increased.

Current applications of the stance phase control are noise
rejection for our step size controller and a dead beat controller
for constant speed running. The dead beat controller always
tries to reach the same apex speed and height with respect to
the last foothold. For a desired apex speed of 1 [m/s] and a
desired apex height of 0.7 [m] disturbances in ground height
of approximately 0.08 [m] in both direction can be handled
by the controller.

C. Enforced Symmetry of the Stance Phase

In the previous section, we evaluated the achievable apex
states by defining a specific actuator input, La(t). An alternate
approach is to develop a control law that forces the COM to
follow a desired trajectory during stance. Specifically, we can
enforce a symmetric sinusoidal trajectory, as in [14], where
the angular velocity of the COM is defined as:

α̇(t) = a sinα(t) + b. (6)

This trajectory allows us to express the stance phase hopper
dynamics in closed form. The parameters a and b are uniquely
determined by the COM position and velocity at touchdown.
The resulting leg-length dynamics follow from the equations
of motion of the stance-phase (3),(4), and the required actuator
displacement is given by:

La =
M

k
(L̈+ g sinα− Lα̇2) + L− Lk,0 − Lf . (7)

(a) (b)

Fig. 7. The blue area in (a) refers to the set of initial conditions considered.
Plot (b) shows the resulting actuator velocity during stance.

(a) (b)

Fig. 8. This figure shows (a) the actuator displacement and (b) the spring
length during stance

The advantages of computing a closed-form solution are
manifold. For example, motion planning given a set of feasi-
ble footholds can be performed with a significantly reduced
computation time compared to the classic SLIP model case.
Although there have several attempts in recent years to approx-
imate the SLIP dynamics [15], [16], the resulting estimates
are not accurate enough for achieving careful foothold plan-
ning [14]. Also, by having access to the analytical solution,
several dead-beat controller strategies for hopping successfully
in the presence of unknown or faulty measurements on rough
terrain can be developed: e.g., to keep the forward velocity
and the apex height constant at each step. In this subsection,
we investigate operating conditions for which the actuation
and spring travel requirements of this method are practical for
implementation on our real-world hopper.

TABLE III
SLIP PARAMETERS

m [kg] k [Nm] L0 [m] La,0 [m] Lk,0 [m] Lf [m]
7.5 2000 0.5 0 0.25 0.3

Using the system parameters as defined in Table III, and
starting from initial apex height in the range y ∈ [.53, .7] [m],
forward velocity in ẋ ∈ [0.5, 1.2] [m/s] and touch-down angle
αTD = 100 [deg], we compute the actuator displacement (and
respective spring length) necessary to enforce the desired sym-
metric gait, according to (7). To consider the limits imposed
by the actuator, only the subset of initial apex states that
required an actuator velocity not exceeding 2 [m/s] were
considered, as shown in Fig. 7(a). Fig. 7(b) shows the resulting
velocity of the actuator. For completeness, we want to point
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Fig. 9. Hopper B hardware prototype, with motion constrained to vertical
hopping (left). One dimensional schematics of Hopper B (middle) and C
(right).

Fig. 10. Hopper B (left) and C (right) CAD designs.

out that, for initial conditions outside of this range, a faster
actuator is required. Fig. 8(a) shows the actuator displacement
for the set of initial conditions used, while Fig. 8(b) shows
the respective spring length during the stance-phase. The
actuator displacement required is between 0.049 [m] (spring
compression) and 0.12 [m] (spring decompression).

As we can see from Fig 8(a) and 7(b), an instantaneous
actuator displacement is required at the beginning of the stance
phase. On a real system, however, we can expect a delay in
the actuator response, and its consequences will have to be
taken into account.

III. HOPPER DESIGN AND STANCE DYNAMICS

For our research, we are considering two possible hopper
designs which we have named Hopper B and Hopper C. A
1D schematic of the two designs is shown in Figure 9 while
3D CAD models are shown in Figure 10. The B-Design is
similar to that described in [17] and [18], where an actuator
is placed in series with a spring between the moving leg/foot
and the robot body. Hopper C, somewhat similar to that in
[9], uses two actuators: the primary actuator is placed in
series with a spring and principally supports the mass of
the torso with a second smaller actuator directly connected
to the leg/foot. Design C offers the advantage of enhanced

Fig. 11. B-Hopper Model Schematic

dynamic performance and agility at the expense of added
design complexity.

To bound our design, we use some assumptions for the
desired robot performance and size. Based upon the available
space in our laboratory, we have sized our robot to nominally
have a 0.5 m leg length, be capable of a vertical hop of
∆Xhop = 0.25 m, and have a maximum leg deflection equal
to half the leg length (∆Lmax = 0.25 m). We would like to
have the spring be capable of storing all of the potential energy
of the hop which leads to the following relationship for the
nominal spring stiffness:

Msg(∆Xhop + ∆Lmax) =
1

2
k∆L2

max → (8)

k =
2Msg(∆Xhop + ∆Lmax)

∆L2
max

where Ms is the sprung mass. Preliminary analysis for both
designs shows Ms ≈ 6 kg which leads to a desired spring rate
of 1600 N/m.

We have built a one dimensional alpha prototype of the
B hopper leg for design evaluation (photo in Figure 9). The
hopper is 60 cm tall with a leg length of 46 cm and has
a maximum permissible leg displacement of 16 cm. It is
attached to a vertical linear guide to limit the motion to one
dimension. The leg is actuated with a 200W DC motor through
a ball screw with a lead of either 2 [mm/rev] or 5 [mm/rev].
The displacement between the upper and lower legs, and the
vertical displacement of the torso are measured using magnetic
linear encoders, while the angular displacement of the motor is
measured using a capacitance based rotary encoder. The output
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La Actuator Displacement
Lk Spring Displacement
θ Motor Angle
τ Motor Torque
Mm 0.30 kg Motor Mass
Mc 0.022 kg Coupler Mass
MFr 7.310 kg Frame Mass
Mbs 0.084 kg Ball Screw Mass
MT 7.716 kg MT = Mm +Mc +MFr +Mbs

Mn 0.23 kg Nut Mass
Mf TBD Foot Mass
Jm 3.33e-6 kg*m2 Motor Inertia
Jc 1.18e-6 kg*m2 Coupler Inertia
Jbs 0.65e-6 kg*m2 Ball Screw Inertia
k 1000–2000 N/m Spring Stiffness
Lko 20 ≤ Lko ≤ 25 cm Free length of the spring
P 2 or 5 mm/rev Ball Screw Pitch
Nbs 2π/P
Kt 0.0276 Nm/A Motor Torque Constant
Rm 0.386 Ω Motor Resistance
η ≈ 0.9 Ball Screw Efficiency
Vs 37-70 V Maximum Supply Voltage
ηmc ≈ 0.9 Motor Voltage Efficiency

TABLE IV
TABLE OF EXPECTED PROPERTIES

of the motor power electronics is intentionally limited to 60%
of the nominal output to limit the likelihood of damaging the
leg during testing. Since one of the design variables we wished
to evaluate as part our research is the effect of varying the
spring pre-load on the range of achievable foot placements,
we procured an array springs with nominal spring constants
between 800 and 1600 N/m, and lengths between 20 and
25 cm. The spring used during most of the initial testing was
the most compliant with a length of 20 cm.

Figure 11 shows a schematic drawing of the B hopper
design, illustrating the key design components as well as the
variables used to derive the hopper dynamics. Table III lists
the design variables and their expected values.

A. Stance Dynamics

We have derived the stance dynamics using a Lagrangian
approach, where the ball screw displacement (La) and spring
displacement (Lk) are the state variables. The stance phase
dynamics can be expressed as

L̈a =
(

1
M1M2+M2

n

)(
MT k(Lk − Lk0)
+(MT +Mn)(FA −BA)

)
(9)

L̈k = −
(

MT

MT+Mn

)
L̈a − g − k

MT+Mn
(Lk − Lk0) (10)

− Bk

(MT+Mn)

where

MT = MTr +Mm +Mc +Mbs (11)
M1 = MT +Mn (12)
M2 = MT +N2

bs(Jm + Jc + Jbs) (13)
FA = Nbsητ = NbsηKτ i (14)
BA = Actuator friction losses (15)
Bk = Spring friction losses. (16)

Some straight forward algebra is required to express these in
state space format but that is left to the reader.

IV. CONTROL DESIGN AND IMPLEMENTATION

The existing hopper design is run using a PC-104 industrial
computer. The motherboard is a VersaLogic Tiger Board, with
a 1.6 GHz dual core Intel Atom processor. Digital and analog
I/O is achieved using a Sensoray 526 PC-104 add-on board.
The driving motor on the hopper is a Maxon 4-pole EC motor
driven by a sinusoidal commutation device that accepts an
analog current reference signal generated by the Sensoray
board. Motor position is obtained from a rotational encoder
that provides 512 cycles per revolution, corresponding to a
linear resolution of 0.98 microns for the 2mm pitch ball screw
design. Body height and leg compression are measured with
15 micron resolution.

Real-time control is implemented using xPC target software
running a proprietary real time kernel from The Mathworks.
The sample rate is 1ms. The xPC target computer and a host
running Simulink communicate over an Ethernet connection
to facilitate transferring programs, data, and parameter values.
An independent hardware watchdog timer, implemented using
an Arduino, monitors a square wave signal generated by the
xPC target to ensure timing constraints are obeyed. If a sample
update is late by more than 100 microseconds, the motor
is disabled until the watchdog timer is manually reset. The
watchdog timer allowed us to discover timing glitches which
were eventually attributed to a BIOS feature called Firmbase,
which preempts the CPU. Disabling Firmbase removed the
problem.

Power is provided to the system by a TDK-Lambda DC
power supply capable of delivering 16A at 60 V. The motor
controller is run directly from this power supply, while all logic
ciruits are run from a switching mode DC-DC converter that
converts the high voltage supply down to 24 V. Initial tests
indicated that we were able to drive the power supply into
an overvoltage shutdown condition by applying braking when
the motor was moving quickly. To prevent this overvoltage
condition from damaging equipment, the power supply voltage
was reduced to 37.6 V for testing. A shunt regulator has since
been installed to dissipate excess braking energy, but all tests
were conducted with the supply set to 37.6 V.

V. SYSTEM IDENTIFICATION

To identify the parameters in our equations of motion,
several tests were performed. To identify the parameters of the
actuation degree of freedom, current input step tests were per-
formed to establish time constants, natural frequency, damping
ratio, ball screw efficiency, and demonstrate linearity of the
system around small perturbations. To extract the parameters
associated with the free motion of the hopper, tests were
performed where the hopper was released from the equilibrium
leg length and allowed to settle to its resting position. These
tests were performed more than 25 times with two different
masses, and an average of all drops was used as demonstrative
of the system. This average is plotted in Fig. 12. These tests
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Fig. 12. Hopper B passive spring-mass time response.

Fig. 13. Hopper B frequency response magnitude data.

allowed us to extract the spring constant, pre-compression
length, natural frequency, the sprung mass of the system, and
the damping ratio. These parameters are identified in Table V.

TABLE V
SYS ID PARAMETERS ESTIMATES

k Lprecomp M Mnut ωn ζ
(N/m) (m) (kg) (kg) (rad/s)

985 ± 30 0.025 ± 0.003 8.6 ± 0.1 0.3 ± 0.05 10.7 0.13

Additionally, a frequency response was gathered for both
acutation/input and body position/input, shown in Fig. 13.
Poles and zeroes (for the actuator position plot) are close
to predicted values. Overall, the system is more damped that
predicted, however, and the cables used are likely responsible
for the flat experimental magnitude data at lower frequencies.

A. Experimental Verification of Stance-Phase Control

Fig. 14, we verify our identified parameters by performing
step response tests for two different values of body mass.
In each test, the system began at rest, with the mass pre-
compressing the spring statically, due to gravity. A small,
5 Amp current input was given to the actuator for 0.2 seconds.
This was long enough to reach the steady-state velocity of the
system, and to get a small airborne period in the response.
This steady state value depends on the voltage supply and
is very repeatable. The initial slope of the velocity (i.e., the

Fig. 14. Verification of system identification via current control step
responses. With Hopper B constrained to vertical motion and initially standing
at rest, a 5 Amp current step was applied for 0.2 sec for each of two load
masses.

acceleration) is nearly linearly and, as previously mentioned
in Section II-B, we use a worst-case acceleration to estimate
overall performance. Note that yM = 0 in the mass position
plot corresponds to the point at which the leg is fully extended
and the foot is no longer touching the ground (ballistic
motion) for yM > 0. All responses match very well with
our modeled dynamics, which include both dry friction and
viscous damping.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we examine the theoretical consequences of
real-world design limitations on the ability of a hopping robot
to plan variable-length steps and to recover from perturbations
in terrain height at each step. Our goals are to decoupled the
ability to adjust step length from the ability to add energy to
the system, thus allowing one simultaneously to select isolated
footholds and to cope with changes in terrain height, which
require changes in potential energy of the hopper. Achieving
this flexibility requires the ability to obtains large actuator
travel, A, in Figure 3, and to time the start of this motion,
tTD + t0 with respect to the time of touchdown. Faster and
larger actuator motions in turn require long spring travel and
high acceleration and peak velocity of the actuator. Given our
system identification, modeling, and simulation, we anticipate
that Hopper B will be able to survive up to 16% of the leg
length (8 cm) in unexpect terrain height change, and that it will
allow for fast transitions in speed and step length, based on the
region covered in Fig. 6. Performance for Hopper C should
be even better, although there are also more risks involved
in obtaining good performance from this more unique hopper
design. We will be testing both Hopper B and Hopper C in the
coming months, to determine whether the degree of flexibility
in maneuverability is as great as we predict.
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