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Abstract— We demonstrate in simulation that active force
control applied to a passive spring-mass model for walking
and running attenuates disturbances, while maintaining the
energy economy of a completely passive system during steady-
state operation. It is well known that spring-mass models
approximate steady-state animal running, but these passive
dynamic models are sensitive to disturbances that animals
are able to accomodate. Active control can be used to add
robustness to spring-mass walking and running, and most
existing controllers add a fixed amount of energy to the
system based on information from previous strides. Because
spring-mass models are schematically similar to force control
actuators, it is convenient to combine the two concepts in a
single system. We show, in simulation, that the resulting system
can attenuate sudden disturbances during a single stance phase
by matching its toe force profile to that of the undisturbed
spring-mass model.

I. INTRODUCTION

For robots to approach the performance of animal walking
and running, they must be able to attenuate significant
disturbances, while maintaining excellent energy economy.
Existing passive walkers are capable of energy economy
similiar to animals, but they fall in the presence of small
disturbances. Robots that rely primarily on active control,
such as Boston Dynamics’ “BigDog,” demonstrate impres-
sive robustness to disturbances at the expense of energy
economy [1]. Our goal is to combine the robustness to
disturbances of actively controlled machines with the energy
economy of a passive dynamic walker. We propose a novel
concept of adding force control to a spring-mass model.
Because existing force control actuators are schematically
similiar to the spring mass model, it is easy to combine the
two on a real system.

We simulate a motor for active control, in series with a
spring in a small modification to the familiar spring-mass
system that is schematically similar to existing force control
actuators, shown in Fig. 1. This simulation makes use of
the extensive background in spring-mass running models,
but like a number of running robots, also includes actuation,
allowing for active control of the existing passive dynamics
[2], [3]. However, most controllers of spring-mass running
add a fixed amount of energy to the system by adjusting
the zero-force leg length or spring stiffness, and can require
extensive sensing.

Our simulation results show that active force control can
make the spring-mass model robust to ground disturbances
with limited sensory input. The controller is based only on
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Fig. 1. Force controlled spring-mass model with reflected motor inertia,
shown at the instant of leg touchdown on a compliant surface.

the spring deflection, and not on any external sensing, which
makes it practical for legged robots that have incomplete
knowledge of the world. While the passive dynamics of the
system attenuate very high-frequency disturbances, the force
controller focuses on the middle-frequency disturbances,
leaving any high-level gait choices or stride-to-stride control
to a higher-level control system.

This novel concept of combining force control and a
spring-mass model is convenient, easy to implement on
a real system with dynamic and sensing limitations, and
effective. To our knowledge force control has never been
used on any running robots or models to compensate for
ground disturbances. This paper presents a general method
for improving the robustness of spring-mass model walking
and running by applying force control.

II. BACKGROUND

Our motivation for this work is based on observations
of animals, which are able to economically walk and run
at varying speeds over varying terrain. The economy and
robustness of animal walking and running is attributed to pas-
sive dynamics, which allow legs to store and release energy
in a cyclic manner, conserving energy [4]. Because our goal
is to build robots that can match the performance, economy,
and robustness of animal walking and running, our models
incorporate passive dynamics similar to those observed in
animal walking and running. Spring-mass models provide
a good approximation for animal walking and running, we
therefore begin with a simple model consisting of a mass
bouncing on a spring, similar to the spring loaded inverted
pendulum, but restricted to vertical hopping.



Fig. 2. Motivation comes from the economy and disturbance rejection
ability of animals such as the guinea fowl. The guinea fowl is able to
accommodate for the unexpected decrease in ground surface without a
significant change to its steady-state center of mass motion.

Animals make excellent use of passive dynamics, but
robots can also benefit from them, if their mechanical system
is designed appropriately. All devices have passive dynamics
of some sort that can either help or harm the overall perfor-
mance of the system. Robots with mechanical designs that
do not consider passive dynamics tend to have a relatively
high specific cost of transport, defined as the amount of
energy they must expend to move a unit distance, taking
their weight into account. For example, Honda’s ASIMO
has demonstrated stable walking and running gaits, based
on ZMP control and careful avoidance of jarring ground
impacts, by matching foot speed to relative ground veloc-
ity just before leg touchdown. Like most walking robots,
ASIMO ignores or overcomes its inherent passive dynamics
with active control, and has a relatively high specific cost
of transport of 3.23 [5]. In contrast, humans and passive
dynamic walkers, such as the Cornell efficient biped, have a
specific cost of transport of just 0.2 [6]. This cost of transport
is especially important for any tether-free robot. For walking
robots that must store their own energy, the specific cost of
transport determines the distance a robot may travel before
depleting its energy supply.

In addition to passive dynamics, animals also use active
control to compensate for disturbances. For example, guinea
fowl are able to accommodate for a drop in ground height by
rapidly extending their leg into an unexpected disturbance, as
shown in Fig. 2, resulting in only slight deviation from their
undisturbed gait [7]. Compensating for ground disturbances
is important on a physical system, since deviations from
the undisturbed gait can lead to a loss of stability, falls
or springs exceeding their maximum deflection, potentially
causing damage. For example, when a spring-mass model
encounters a decrease in ground surface, some additional
gravitational potential energy is converted into kinetic energy
as the model falls into the disturbance. The additional kinetic
energy must then be converted into spring potential energy,
which results in increased spring deflection. In addition to
higher deflections, disturbances can cause higher forces.
Galloping horses are already near peak force on tendons
and bones, so remaining below force limits is an important
consideration, or small ground disturbances could result in
injury or damage [8].

Our proposed force-control idea is philosophically similar
in many ways to previous works including the MIT Leg
Lab robots and the ARL Monopod-II. Like our model, these

robots utilize passive dynamics, while incorporating active
control. Leg Lab robots, such as the Planar Hopper, use
springs to facilitate running gaits, and while not designed for
energetic economy, are capable of impressive feats such as
somersaults [2]. In contrast, the ARL Monopod-II, although
mechanically similar to the Leg Lab robots, is designed to
minimize its energy cost, and implements the aptly named
“controlled passive dynamic running.” This robot uses active
feedback control to match its hopping trajectory with that
of the system’s passive dynamics, which are similar to a
SLIP. The ARL Monopod-II calculates motor torques based
on information from its previous hop, and does not begin to
compensate for ground disturbances until later strides [3].

Springs clearly help running gaits by storing and releasing
energy, but they are also useful for improving force control.
The MIT Series Elastic Actuator (SEA) measures and con-
trols the deflection of its spring, which corresponds to the
force applied by the actuator [9]. As an added benefit, the
series spring filters impulsive forces, improving the SEA’s
robustness to shock loads [10]. Although the performance of
force controlled actuators has been explored, investigations
do not generally relate to legged locomotion [11].

Force control using the deflection of series springs has
been successfully implemented on legged robots such as
Boston Dynamics’s walking and running quadruped, “Big-
Dog”, and the MIT Leg Lab’s walking biped, “Spring
Flamingo”. These robots use springs in much the same way
as the SEA, as a force sensor and mechanical filter, but not
for energy storage. When correctly applied, this approach
can result in impressive performance, but at the cost of
high energy consumption. For example, when “BigDog’s”
legs touch down, its leg springs deflect and hydraulic actu-
ators absorb energy. This energy is not released to propel
“BigDog’s” next step, instead the legs are actively raised
and relocated. “BigDog” overcomes this inefficiency with a
seventeen horsepower gasoline engine, and although it holds
the current distance record for legged vehicles at 12.8 miles,
its range would be severely limited if it had to rely on
batteries for power [1], [12]. Like “BigDog”, the “Spring
Flamingo” also uses springs for force control, but not for
energy storage [13]. The “Spring Flamingo” successfully
demonstrated force controlled walking on a slope, but is not a
spring-mass model walker, is incapable of running gaits, and
has passive dynamics that do not benefit its energy economy.

Biomechanics studies have shown that humans and ani-
mals adjust their leg stiffness through a concerted effort of
muscles, tendons and ligaments during hopping, walking and
running to accommodate for changes in ground stiffness [14].
Based on these observations, a number of actuation systems
have been devised to vary leg compliance, including the
Actuator with Mechanically Adjustable Series Compliance
(AMASC) and the MACCEPPA actuator [15], [16]. These
devices pre-tension springs to increase their leg’s apparent
stiffness, but were never successfully implemented on a
running robot. In contrast, humans are able to hop, walk,
and run on compliant surfaces by adjusting their leg stiffness
such that the equivalent stiffness of the series combination
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Fig. 3. Block diagram for control and physical systems. The physical system is the force controlled spring-mass model, shown in Fig. 1. Our controller
measures the leg-spring displacement and generates motor torques that attempt to match the toe force profile with that of the undisturbed passive spring-mass
model.

of the ground and leg spring is the same for all surfaces
[17]. By maintaining an equivalent stiffness, humans are
able to maintain a toe force profile, such that their center
of mass trajectory does not change in response to changes
in ground stiffness. Although our controller may not directly
set leg stiffness, our model produces an equivalent result by
maintaining a toe force profile.

III. MODEL

We add a motor and associated reflected motor inertia to
the simple spring-mass model, as shown in Fig. 1. With
these additions, we arrive at a single degree of freedom
vertically hopping model, schematically similar to the MIT
SEA [9]. However, in addition to using series elasticity for
force control, our model stores energy in its springs. The
spring stiffness is tuned to the natural frequency of our
desired spring-mass hopper, so the energy will be stored in
the spring as the mass decelerates, and recovered as the mass
accelerates towards liftoff. In the ideal scenario, the motor
does no work, and all of the model’s behavior is expressed
by the passive dynamics of the system as it bounces up and
down. Any disturbance that the model encounters is handled
by the actively controlled motor.

We use kinetic equations of motion to simulate our verti-
cally hopping force controlled model. During undisturbed
hopping our model behaves like a standard spring-mass
model bouncing on a flat, rigid surface, and therefore its
center of mass trajectory may be broken into identical periods
(bounces). Since we provide our model with some initial
height, it simplifies our simulation to break a period into a
fall, stance and rise stage, rather than just a flight and stance
phase. Each of these stages is well-defined for the standard
spring-mass model bouncing vertically on a flat rigid surface,
and therefore, analytical solutions for the center of mass
motion, toe force and spring work can be found as functions
of time. These functions are the same as for a mass in free-
fall during the fall and rise stages, but are complicated during
stance by the spring force. During stance, the trajectory of the

system is found by solving an ordinary differential equation
of the form:

m · ÿ = Fspring(y, θ)−m · g, (1)

where Fspring is the force of the leg spring. This is similar to
the equation for a vertical undamped spring-mass oscillator.

To simulate the behavior of our robot model we solve the
kinetic equations for the center of mass height and motor
angle. The equation of motion for our robot’s center of mass
trajectory is the same as for the standard spring-mass model
(1), although computing values for Fspring is complicated
by the motor angle.

The motor inertia gives rise to a second equation of motion
for the angle of the motor,

I · Θ̈ = Fspring(y, θ)− τmotor. (2)

We include significant non-linearities in our model’s control
functions, such as motor torque limits, so we are unable to
find an analytical solution for the center of mass motion of
our force controlled robot. However, we are able to gen-
erate an approximate numerical solution using MATLAB’s
ODE15s ordinary differential equation solver. Our intention
is to demonstrate a concept with as many implementation
details abstracted away as possible, while retaining important
features such as motor inertia and torque limits.

IV. CONTROLLER

The active control system in our model intervenes with the
passive dynamics only to accommodate ground disturbances.
Our controller attempts to match our model’s toe force profile
to that of an equivalent undisturbed spring-mass model,
such that its center of mass movement approximates that
of the undisturbed model. When our model encounters an
unexpected change in ground height or stiffness, the leg
extends or retracts such that the toe forces match those of
the undisturbed passive dynamics.



During undisturbed hopping our simulation behaves like
a simple spring-mass model without interference from ac-
tive controllers. Our model’s spring exerts all of the work
required to decelerate and re-accelerate the system after leg
touch down. Active control plays a role in our simulation’s
performance only when a ground disturbance is encountered.

Force control, using series elastic elements, provides dis-
turbance rejection. To control toe forces during stance, the
motor torque, τmotor, is calculated by combining torques
from two independent controllers:

τmotor = τcompensate + τerror (3)

The first controller generates a torque, τcompensate, to
exactly balance the torques applied by the spring on the
motor shaft, as shown in Fig. 3. This allows the second
controller to treat the motor as an independent inertia and
control its position through PID control, applying τerror

based on the error between a desired motor position and its
measured position. If the desired motor position cannot be
determined, because the toe is not in contact with the ground,
our controller commands maximum motor torque until toe
touch down. During flight, another controller returns the leg
to its initial length by resetting the motor position after liftoff.

The controller we demonstrate in simulation may not be
optimal, but demonstrates our idea for using force control
with limited tuning on a platform in simulation with realistic
parameter values. Some other approach might improve the
performance of our model, however, we are only interested
in demonstrating a concept, and not in choosing simulation
parameters.

V. EXPERIMENTS
We compare, in simulation, a passive spring-mass model,

hopping vertically, with our force controlled spring-mass
model. Both are subject to disturbances in ground height
and ground stiffness. On a flat rigid surface, the passive
dynamics of our model match the simple spring-mass model.
In the presence of unexpected decreases in ground height
and changes in ground stiffness, our active controller applies
motor torques to maintain a consistent center of mass tra-
jectory. To better demonstrate the feasibility of disturbance
rejection on our model in simulation, we choose the follow-
ing, somewhat arbitrary, but realistic values for a moderately-
sized robot using a commercially available motor:

Parameter Description Value
y0 initial CoM height 27.75cm
ygnd ground surface 0 or −10cm
ls0 unstretched spring length 15cm
la0 initial actuator length 5cm
θ0 initial motor angle 0
τlim maximum motor torque ±25N ·m
I motor rotor inertia 1 rad

N ·m·s2

r transmission output radius 2.3188cm
m robot mass 10kg
kleg leg spring stiffness 2.5k·N

m

kgnd ground spring stiffness 5k·N
m or ∞

The first type of disturbance we investigate is a sudden
decrease in ground surface during the flight phase. There
are no “sensors” that allow the model to change its control
strategy, and it has no forewarning of this change in ground
height. The model takes its second hop on the lower ground
surface, and the ground surface then returns to its regular
height for a third hop. The model is restricted to movement
on the vertical axis, and simulation results are plotted as
functions of time.

The second type of ground disturbance we investigate is a
decrease in ground stiffness. For this experiment the ground
unexpectedly changes from being perfectly rigid to behaving
like an ideal spring. As the model touches down the ground
depresses proportionately to the model’s toe force. The net
result is that the model experiences a spring stiffness equal
to the series combination of its leg spring with the ground
stiffness.

VI. SIMULATIONS

We test the disturbance rejection ability of our force
controlled model against the standard spring-mass model in
simulation. We expect ground disturbances to result in a
temporary change in hopping height and a permanent shift in
hopping phase for the standard spring-mass model. However,
we expect our force controlled model to accommodate for
ground disturbances and to closely follow the toe force
profiles and center of mass trajectory of the undisturbed
system.

A. Ground Height Disturbance

For the standard spring-mass model, variations in ground
height affect the toe force profile and center of mass trajec-
tory, as shown in Fig. 4(a) and Fig. 4(b). When the spring-
mass model encounters a drop in ground height, it remains in
free-fall for longer than if the ground had been at its previous
height. Since the system remains in free-fall for longer, it
touches down with greater velocity and the toe force profile
exceeds that of the undisturbed model.

During stance the model behaves like a spring-mass os-
cillator. The natural frequency for a spring-mass oscillator is
independent of initial conditions, and therefore, the duration
of the stance phase is not affected by changes in ground
height. However, the passive model touches down later when
it encounters a drop in ground height, so it must also lift-off
later. The net result of a temporary drop in ground height is
a permanent shift in hopping phase for the simple model.

In contrast to the uncontrolled spring-mass model, the toe
force profile for the force controlled spring-mass model is
roughly maintained despite changes in ground height. The
active control system begins to follow a force trajectory at
the time of expected toe impact. Because the ground is lower
than expected and does not come into contract with the toe,
it provides no reaction force. The leg accelerates towards the
ground until it makes contact, as shown in Fig. 4(c). This
control strategy maintains a relatively consistent toe force
profile, even in the presence of unexpected changes in ground
height. Because the center of mass trajectory is determined
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(a) Comparison between the center of mass trajectories of the standard
vertically hopping, spring-mass and force controlled models encoun-
tering an unexpected decrease in ground surface. Our force controlled
model roughly maintains the center of mass trajectory of the passive
undisturbed spring-mass model.
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(b) Comparison between the toe force profiles of the standard verti-
cally hopping spring-mass and force controlled models encountering
an unexpected decrease in ground surface. Our force controlled model
roughly maintains the toe force profile of the passive undisturbed
spring-mass model.
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(c) Motor torque, angle, velocity, power and spring power for the
vertically hopping force controlled model encountering an unexpected
decrease in ground surface. Notice that our motor only exerts work in
response to the ground disturbance.

Fig. 4. Simulation results for our robot model and passive spring-mass
model encountering an unexpected decrease in ground surface.
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(a) Comparison between the center of mass trajectories of the standard
vertically hopping spring-mass and force controlled models encounter-
ing an unexpected decrease in ground stiffness. Our force controlled
model roughly maintains the center of mass trajectory of the passive
undisturbed spring-mass model.
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(b) Comparison between the toe force profiles of the standard verti-
cally hopping spring-mass and force controlled models encountering
an unexpected decrease in ground stiffness. Our force controlled model
roughly maintains the toe force profile of the passive undisturbed
spring-mass model.
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(c) Motor torque, angle, velocity, power and spring power for the
vertically hopping force controlled model encountering an unexpected
decrease in ground stiffness. Notice that the spring is responsible for
most of the work required to maintain the center of mass motion.

Fig. 5. Simulation results for our robot model and passive spring-mass
model encountering an unexpected decrease in ground stiffness.



solely by toe forces, our force controlled hopper maintains
a more consistent center of mass motion than the purely
passive spring-mass model subjected to the same disturbance.

B. Ground Stiffness Disturbance

For the standard spring-mass model variations in ground
stiffness affect the center of mass trajectory, as shown in Fig.
5(a). When the spring-mass model encounters a decrease
in ground stiffness, its spring combines in series with the
ground spring. The equivalent leg stiffness is less than the
leg stiffness of the model alone, so the natural frequency for
the equivalent spring-mass oscillator decreases. The duration
of the stance phase therefore increases when the ground
compliance increases. However, the spring work over the
stance phase remains constant, so the peak force decreases,
as shown in Fig. 5(b), as the length of stance increases.

In contrast, the force controlled model maintains the toe
force profile of the equivalent undisturbed spring-mass model
despite changes in ground stiffness. The force controlled
model compensates for the decrease in its equivalent leg
stiffness by actuating the leg during the stance phase, as
shown in Fig. 5(c). During the first half of the stance
phase, the leg gradually extends, increasing the rate of spring
compression. The leg is then gradually retracted during
the second half of the stance phase, causing the spring to
decompress more rapidly. The result of this leg actuation is a
toe force profile that approximates the toe force profile of the
passive, undisturbed model, at the cost of additional motor
work. As with the ground height disturbance experiment,
unexpected changes in ground stiffness do not significantly
affect the center of mass trajectory, because the center of
mass trajectory is directly related to the toe force.

VII. CONCLUSIONS AND FUTURE WORK

We have shown in simulation that active force control
combined with a correctly sized leg spring yields good
disturbance rejection, while maintaining the energy economy
of a completely passive system during steady-state vertical
hopping. In the presence of disturbances, we are able to
match the toe force profile to that of a passive spring-mass
model on a flat rigid surface. Because the toe force profiles
are identical, the model’s center of mass movement follows
that of the ideal passive system.

The simulation illustrates some system limitations caused
by the motor’s torque limit. When the force controlled model
encounters a drop in ground height, there is a delay between
when toe touchdown is expected to occur, and when it
actually does. The delay depends on the magnitude of the
disturbance and physical limitations of the system, such as
the motor inertia, motor torque limit, transmission ratio,
and leg inertia. During this delay the motor gains angular
momentum causing the actual toe force to exceed the desired
toe force in the moments following toe touchdown. The
simulated motor has a realistic inertia that can only be
decelerated as quickly as the motor’s torque limit allows.
The error in the toe force profile can be minimized by
tuning control constants, but the controller does not know

the position of the ground or any other information about the
world, so we presume that it cannot be eliminated without
additional sensory input. Despite this sensor limitation, it is
able to perform well, with only a small and brief discrepancy
between the actual and desired toe force profiles, even in the
presence of a substantial change in ground height.

The long-term goal of this work is to build a biped with
excellent energy economy capable of robust walking and
running gaits. As an intermediate step towards this goal, we
are extending the single degree of freedom model presented
in this paper to a two degree of freedom monopod in
simulation. We will then demonstrate our concept of adding
force control to the spring mass model on physical systems,
including a single degree of freedom benchtop actuator, a two
degree of freedom monopod, and eventually on a tether-free
biped. With these real-world devices we hope to approach
the performance of animal walking and running.
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