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Abstract— The human foot plays a key role in human walking
providing, among others, body support and propulsion, stability
of the movement and impact absorption. These fundamental
functionalities are accomplished by an extraordinarily rich
bio-mechanical design. Nonetheless, humanoid robots follow
different approaches to walk, hence, they generally implement
rigid feet. In this study, we target the gap existing between
the human foot and traditional humanoid-robot feet. More
specifically, we evaluate the resulting advantages and draw-
backs by implementing on a humanoid robot some of the
properties and functionalities embedded in the human foot. To
this end, we extract the physical characteristics of a prosthetic
foot to develop a human-like foot model. This foot model is
systematically tested in simulation in human-like walking tasks
on flat ground and on uneven terrain. The movement of the
limbs is generated by a muscle-reflex controller based on a
simplified model of the human limbs. The gait features and
the walking stability are evaluated for the human-like foot and
compared with the results produced using rigid feet.

I. INTRODUCTION

Comparing human and humanoid robot locomotion rises
many questions about what is missing in these machines
to achieve a proper human-like walk. In fact, most of the
humanoid robots walk with bended knees and feet kept
parallel to the ground, hence, they are limited in step length
and they lack in robustness when subject to environmental
disturbances. These questions have many possible answers
concerning the differences in cognition capabilities, control
strategies and mechanical properties. In this study, we focus
on the big gap existing between the human foot and the
traditional solutions used in humanoid robotics.

The human foot has a very complex structure composed
of more than 100 muscles and tendons interconnecting 26
bones and a total number of almost 30 joints [1]. Such a
rich bio-mechanical design gives to the foot many interesting
properties and functionalities. For instance, the shape and the
mobility of the bones of the foot play a key role absorbing
internal and external impacts [2]. Moreover, the soft tissues
of the plantar arch contribute to absorb external impacts and
damp out vibrations. Finally, the Windlass mechanism [1]
(a passive mechanism embedded in the foot) prevents the
plantar arch to collapse under the body weight. Moreover, it
kinematically constrains the toes-flexion and plantar-flexion.
Therefore, it contracts the foot arch when the foot rolls over
the toes.
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Fig. 1: (a) the Flex—Foot® Junior prosthesis; (b) the cosmetic cover

On the contrary, most humanoid robots, existing nowa-
days, are equipped with rigid and flat feet. As a consequence,
the control efforts to achieve stable walking lie entirely on
the upper body. This results, generally, in a very unnatural
walk. Nevertheless, more advanced feet for humanoid robots
already exist. A common practice to increase the shock
absorbance at the lover-limb extremities consists in adding
soft material (for instance rubber) under the sole of the foot
of the robot [3]. Example of multi-body foot design are,
among others, reported in [4], [5], and [6]. Unfortunately,
these more complex designs are still not explored on real
humanoid robots. In fact, the most used walking strategies
rely on the computation of dynamic stability indicators (such
as the Zero-Moment Point [7]) that suppose to have the foot
flat on the ground during the whole stance phase.

Passive prosthetic feet for amputees are developed to allow
the user to walk comfortably at a specific nominal speed. In
fact, they are designed to replicate the functionalities of the
human foot introduced beforehand and to reproduce a similar
behaviour. Fig. 1a depicts the Flex-Foot® Junior prosthesis.
It is composed of two carbon fiber elements (a long element
and a smaller one) connected in the middle by two screws.
The overall shape appears similar to the shape of the human
foot having the heel, forefoot, foot tomb and the plantar arch.
However, the similarity is also functional. In fact, pressing
on the foot tomb, the longer element bends pushing down
the heel. It is similar to what happens on the human foot due
to the Windlass mechanism. Moreover, the round shape and
the stiffness of the heel and the foot toes are selected to have
a proper foot-roll movement during the walk. The cosmetic



cover, in Fig. 1b, is used to allow the prosthesis to wear
normal shoes. However, it also adds extra compliance at the
heel and the foot toes and increases the impulse absorption,
similarly to the soft tissues of the human foot.

The motivation of this study comes from the wish to
quantify the benefits that can be obtained by using more
human-like foot designs in humanoid robotics. To this end,
we extract the physical characteristics of a prosthetic foot to
develop a human-like foot model. In [8], the authors charac-
terized the physical properties of the human foot measuring
them directly on an amputated foot. More recently, in [9], the
authors measured the kinematic of the bones in an amputated
foot while performing a walking gait. In our approach, we
use a commercial prosthesis instead of directly analyzing
the human foot. This solution has many advantages. Among
others, we inherit the knowledge of prosthetic manufacture
in the design of a device reproducing the main features of
a human foot and we produce data which are reproducible
in any other lab. However, the characteristics of the passive
prosthesis are fixed and cannot be adapted to different gaits.
In [10], we achieved human-like walking using neurome-
chanical primitives. More specifically, the walking controller
is based on a set of virtual muscles activated by reflexes.
Exploiting the principles of legged mechanics and muscle
activations, the robot was able to walk on flat ground,
exhibiting some human-like features as stretched stance leg
and rolling feet. In this study, we use a similar muscle-
reflex based controller together with the human-like foot. We
optimize several walking gaits on a wide range of walking
speeds. Respect to previous attempts to achieve human like
walking using flexible feet, such as [11] and [12], we are
able to reach higher walking speeds. Our walking strategy
is systematically tested on flat ground and uneven terrain
to evaluate the walking efficiency and robustness. In [13],
the authors conduct a similar study producing interesting
results on the energy consumption of a compliant foot. Our
analysis focuses not only on the energy but also on other gait
features and fundamental aspects of walking such as terrain
adaptation. Finally, we compare the results obtained using
human-like compliant feet with the ones obtained using rigid
feet.

In the following Section, the foot designs are presented.
In Sec. III, the principles of the muscle-reflex controller
are explained. More details on the optimization process and
the different scenarios used to evaluate the foot designs are
collected in Sec. IV. Finally, the results are reported and
discussed in Sec. V and VI

II. FOOT MODELS

For the purposes of this study, we extract the physical
characteristic of a prosthetic foot to develop a human-like
foot model. Beside, two variations of the rigid foot are pro-
posed and used as benchmark in the performance evaluation.
In this Section, the three foot designs are described.
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Fig. 2: Left panel: Three foot designs: (a) the human-like foot; (b) the
rigid-shaped foot; (c) the rigid-flat foot. Right panel: COMAN robot with
the seven muscle groups of the right leg and some inputs of the controller
reflex rules. Muscles: soleus (SOL), tibialis anterior (TA), gastrocnemius
(GAS), vasti (VAS), biarticular hamstring (HAM), gluteus (GLU) and hip
flexor (HFL).

A. The Human-Like Foot

The dual-profile prosthetic design, of the selected pros-
thesis, is one of the most common among passive prosthetic
devices. It is well known in the prosthetic scientific com-
munity as well. Hence, it allowed us to study the design
strategy behind it. More specifically, the Flex-Foot® Junior,
produced by Ossur ehf, is available in three different versions
according to the weight of the patient and in different sizes
according to the body of the patient. Considering the 30 kg
of mass and the 5-years-old body proportion of our robot,
COMAN [14], the Flex-Foot® Junior is the most appropriate
commercial prosthesis available on the market.

The prosthesis interacts with the ground in three different
configurations during a step. At the heel-strike, just the
hindfoot is touching the ground, hence, the heel profile bends
and adapts to the terrain. The force (F},) that the hindfoot
exhibits, strictly depends on this deflection. At the toe-off,
just the forefoot is in contact with the ground, and then
it bends. The force exerted (F'y) mainly depends on the
corresponding deflection. During the stance phase, both parts
(the hindfoot and the forefoot) are in contact. Hence, the total
force exerted is equal to F}, + F.

A schematic of the model used to represent this behavior is
depicted in Fig. 2a. K}, and K are respectively the vertical
heel stiffness and the vertical forefoot stiffness assumed non
linear. Hence, the vertical forces exerted at the hindfoot and
forefoot can be expressed as follows:

frn = Kn(6n)dn fr=K;p(05)y (1)

where §;, and Jf are respectively the heel deflection and the
forefoot deflection of the two vertical springs. The red plates,
attached to the springs (see Fig. 2a), are shaped as the real
sole of the prosthetic foot. They are constrained horizontally,
hence they can only move vertically according to the springs
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Fig. 4: Force-displacement characteristic of the forefoot

deflection (6, and dy) The sole profile is very important
because it affects the motion of the center of pressure during
the step. Hence, it affects the motion dynamics of the walker
too. For instance, the curvature of the heel and the forefoot
affects the foot roll movement during heel strike and toe off
respectively. Moreover, having different values of stiffness
for the hindfoot and the forefoot, affects the force distribution
below the sole and moment at the ankle joint. The energy
storage capability directly depends from those values as well.

In order to compute Eq. (1), we experimentally compute
the functions Kj(d,) and K;(dy). The plot in Fig. 3
collects the data relative to the heel. The quasi-static force-
displacement characteristic of the heel is represented with
a dotted black line. As expected, the characteristic is not
linear. Moreover the compression characteristic differs from
the extension characteristic, mostly due to the hysteresis
properties of the cosmetic cover [15]. For the purposes of
this study, we do not model the hysteresis of the prosthetic
foot. In fact, rather than an highly accurate identification of
this specific prosthesis, we are interested in capturing the
general behaviour. Hence, we approximate this curve with a
second-order polynomial function (represented with a solid
blue line in the plot) using the least-squares algorithm. The
heel stiffness K, (d5) is approximated with the derivative
of this function. In a similar way we compute the forefoot
stiffness function Kf(df). In Fig. 4, the quasi-static force-
displacement characteristic of the forefoot is represented with

a dotted black line. This curve is similar to the one in
Fig. 3. The second-order approximation of the characteristic
is represented with a solid blue line.

In this study, we did not characterize the damping of
the prosthetic foot. However, we apply low damping forces
parallel to f, and f; and proportional to —6;, and —d¢. The
main reason is to guarantee the convergence of the sole plates
to the equilibrium positions.

B. The Rigid feet

In Fig. 2c the first variant of the rigid foot is depicted:
the Rigid Flat Foot (RFF). The sole of the foot (in red) is
a single element completely rigid and its shape is flat. The
total length and the position of the ankle joint are the same
as the HLF.

The Rigid Shaped Foot (RSF) is depicted in Fig. 2b. It is
an intermediate version between the HLF and the RFF. In
fact, its sole is completely rigid but it has the same shape as
the HLF. Proportions are the same of the other two feet.

III. THE MUSCLE-REFLEX BASED CONTROLLER

The bio-inspired controller presented in [16], achieves
Limit Cycle Walking on a simplified model of a human. The
locomotion is then entirely controlled by a chain of reflexes
commanding human muscle groups. We implement a similar
controller to get stable locomotion gaits on the COMAN. We
focus on 2D walking gaits, hence, no motion is permitted
in the lateral and transverse plane. Consequently, all robot
non-sagittal Degrees Of Freedom (DOFs) are set to a fixed
position. Compared to the simplified human model used in
[16], we have extra DOFs for the upper body (controlled
using the rules described in [17]). Moreover, we include the
robot series-elastic-actuator dynamics [18] because we want
to derive a controller that could be directly plugged into the
real robot.

Seven muscle groups are identified within each leg, as
depicted on the right side of Fig. 2. Each muscle group
is represented by a Hill-type muscle, a set of equations
developed to fit the behaviour of a real muscle. They are
controlled by scalar signals: the neuronal stimulation signals,
being generated by some reflex rules. These rules are a set
of equations using different inputs: the trunk absolute angle,
the ground contact forces, the knees position and the muscles
length and force. These reflex rules require an optimization
phase to find a set of unknown parameters, as described in
Sec. IV-A.

The different virtual muscles react to the activation signals
by contracting. The forces generated are mapped into the
joint space considering the segments free-body diagram.
Hence, the desired torques are sent as references to a low-
level torque controller implemented as in [18]. Finally, the
outputs of this low-level controller are used in the motor
equations, generating the actual torques.

IV. SIMULATION ENVIRONMENT

The dynamical model of the COMAN robot is generated in
Robotran [19]-[20]. It is a software able to model and analyze
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Fig. 5: Snapshots of the COMAN walking on uneven terrain. Blue bumps affect the left foot and red bumps affect the right one.
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Fig. 6: Uneven terrain profile.

multibody systems. On top of the robot body dynamics, its
actuator dynamics is implemented as described in Section III
and different feet designs are implemented as presented in
Sec. II.

To fully present the simulation environment, we first detail
the controller optimization phase and finally, we introduce
the different scenarios used to compare the different feet
design performances.

A. The Gait Optimization

The muscle-reflex based controller involves a set of un-
known parameters that must be tuned with an optimization
phase. These parameters directly impact the features of the
robot gait, among others, its speed and energy consumption.
We aim to compare different foot designs. To this end,
we only compare gaits with the same speed. Consequently,
getting a final target speed is one of the requirements
of the optimization. We also want the controllers to be
energetically efficient. To get more human-like walkers, we
aim to minimize the metabolic energy consumption in the
virtual muscles per unit distance walked [21].

The selected optimization algorithm is a heuristic one
called Particle Swarm Optimization [22] [23]. To achieve all
the above-mentioned requirements, each set of parameters is
tested according to a staged objective function. This means
that the different objectives are sorted by order of relevance

so that the next objective is taken into account (in the
objective function) only when the previous one is fulfilled.

The first stage rewards the gait robustness, by assigning an
objective function proportional to the walking time (before
a possible fall). A fitness of 100 is assigned to a non falling
walk of 60 s. To further improve the gait robustness, we want
the robot to keep a foot clearance of at least 1 cm above the
ground when walking on a flat surface.

When the COMAN is able to walk without falling during
the entire simulation time (i.e. 60s), the second stage of the
objective function is unlocked. This one constrains the gait
to achieve a target speed. Different target speeds are tested
ranging from 0.4m/s to 0.9 m/s, which covers the normal
walking speed range for a five-years-old child. The objective
function f is computed as follows:

f=aePlema)’ )

where x is the forward speed, x* the target speed and «,
two weight parameters (a« = § = 100). Hence, this function
is bounded between 0 and o.

If the robot speed lies within an interval of 0.05m/s
around the target speed, the last stage is unlocked, i.e. the
energy minimization. The objective function is formulated
as Eq. (2). However, x* is set to zero while = is now the
metabolic energy consumption per unit distance walked and
per mass unit (¢ = 100 and 8 = 5 - 107%). This helps
minimizing the absolute energy expenditure.

B. Optimization and Evaluation Senarios

To evaluate the feet designs or to optimize their respective
controllers, we use different types of ground. The property of
the contact model are the same , however, the ground profile
changes to fulfil different requirements. Referring to Fig. 6,
we define the following ground profiles:

(a) Flat ground: This ground is totally flat with no obstacles
and is used to evaluate the different gait features: energy
consumption, stride length and stride frequency.



(b) Uneven terrain: In order to evaluate the contribution of
the different foot designs to the walking stability, we use
a flat ground with small bumps. Referring to Fig. 6, the
shape of the bumps can be computed as follows:

h(x):% <1+cos (l: z)) 3)

where hops and l,ps = 1.5c¢m are respectively the total
height and the half of the base length of the bump. Using
this sinusoidal shape, there is no slope discontinuity in
the ground contact model. The distance between two
consecutive bumps (I,.,,4) is randomly computed with a
flat distribution bounded between 100 mm and 200 mm.
Consequently, the feet (150 mm long) can land on a
perfectly flat terrain or on a location with one or two
bumps.

Finally, we prevent the robot from falling due to a
collision between the toes of the swing foot and a bump.
Hence, we make these bumps to only interfere with a
landing foot (and during the stance phase). This does
not constitute a loss of generality, for the purposes of
this study (see Sec. VI).

V. RESULTS

For each foot design and for each target speed, we run
five optimizations (with different random initial populations)
that converge to as many sets of controller parameters that
allow the COMAN to walk at the requested speed on the flat
ground for at least 60s.

Snapshots of the resulting walking gait are presented in
Fig. 5. The COMAN performs the heel-strike with its right
foot. Meanwhile the left foot rolls over the toe and swings in
front of the opposite leg. The supporting leg propels the body
forward and the corresponding foot adapts to the uneven
ground. The next step starts with the heel-strike of the left
foot.

The gait features and walking stability of these controllers
with the corresponding foot designs are evaluated in the next
Section.

A. Gait features

The plot in Fig. 7a collects the values of the energy
consumption measured during an eight-meter steady-state
walk on flat ground. The data corresponding to the HLF
are represented in red and the data corresponding to the
RSF and RFF are represented respectively in blue and green.
For each target speed and each foot design, we summarize
the five optimized controllers by presenting the mean and
the standard deviations of their characteristics. The energy
values for the two variants of the rigid foot are very close
to one another at low speed and slowly diverge at high
speed maintaining the same trend. The minimum energy
value corresponds to speeds of 0.8154m/s and 0.8126m/s
respectively for RSF and RFF. The rigid human-like shape
of the sole lower the energy efficiency of the RSF respect to
RFF. The HLF has higher energy consumption for the whole
speed range, and has its lowest values between 0.5073m/s
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Fig. 7: Mean value and standard deviation of the gait features for the
different walking speeds and the different foot designs : Human-Like Foot
(HLF), Rigid Shaped Foot (RSF), Rigid Flat Foot (RFF).

and 0.706m/s. Moreover, its standard deviation regularly
increase for high speed, demonstrating a higher variability
of the controller parameters.

The plots in 7b and 7c collect respectively the values of
the stride duration and the stride length during the walk. As
for Fig. 7a, we present their mean values and the standard
deviations. Their trends are mostly monotonic with respect
to the walking speed and they are slightly affected by the
foot design. The rigid human-like shape of the sole of
RSF induces a lower walking frequency and longer stride
compared to RFF at any speed. The trend of the walking
frequency for the HLF is more flat along the whole speed
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Fig. 8: Endurance test results for different walking speed : (a) 0.5 m/s ;
(b) 0.8 m/s

range. Hence, its stride length compared with the two rigid
designs is slightly smaller at lower speed and bigger at high
speed.

B. Walking Stability

The influence of the foot designs to the robustness of
walking is evaluated by an endurance test on uneven terrains.
More specifically, the COMAN has to blindly walk on
different uneven terrains with different obstacle heights (see
Fig. 6). Hence, the three foot designs are tested on the
same terrain conditions and the number of steps performed
before falling are considered as index of walking stability.
It is important to remark that the controllers are optimized
on flat ground (see Sec.IV-B). Therefore, the difference in
the number of steps performed are related to the different
features of the feet rather than the controller.

The chart in Fig. 8a collects the results of the endurance
tests performed using the controllers optimized for a speed
equal to 0.5m/s. This is the limit value of the speed range
(between 0.5m /s and 0.7m/s) having the most efficient gaits
on flat ground for the HLF (see Fig.7a). For each bump
height, the number of steps performed before falling are
represented with a red, blue and green bar respectively for
the HLF, the RSF and the RFF. The standard deviations are
reported too. The HLF results to be the most stable along
the whole observed range. The RSF and RFF present very

Fig. 9: Snapshots of the real COMAN walk. The robot is constrained on
the sagittal plane by its hands.

similar results for bump heights bigger than 1cm.

The chart in Fig. 8b, collects the results of the endurance
tests performed at the most efficient gait on flat ground for
the rigid feet : 0.8m/s (see Fig.7a). The advantage of HLF
on the rigid feet is much reduced respect to results of Fig.
8a.

VI. CONCLUSIONS AND FUTURE WORK

In this work, we investigated the advantages and the
drawbacks of implementing human-like compliant feet to a
humanoid robot driven by a neuromuscular controller.

The rigid foot results in more energy efficient gaits than
the human-like foot. This characteristic is in line with the
results presented in other work such as [13]. It has its
minimum energy consumption for walking speed close to
0.8m/s and increases around it. The trend of the human-
like design is similar and has its minimum energy between
0.5m/s and 0.7m/s. In fact, this model is based on a passive
prosthesis that is designed to match the human behaviour
around a specific range of speeds (between 0.52m/s and
0.83m/s for a normal child [24]). Other gait features slightly
differ. The shape of the sole affects the walking frequency
at slow speed and the compliance mainly affects the straight
length at high speed.

Despite its high energy consumption, the human-like foot
has the best performance in terms of stability of the walking.
The shape of the sole and the different compliance between
the hindfoot and the forefoot probably increase the foot
adaptability to the ground uncertainties and reject more
efficiently the disturbances with respect to a rigid foot.
The data reported in Fig. 8, refer to a blind walk and no
strategies are implemented to guarantee robustness to ground
perturbation. This leads to a minimization of the influence
of the controller to the walking robustness, and therefore
an unbiased evaluation of the performances of the different
feet. By implementing extra stabilization strategies (such
as stumbling reflexes) or optimizing the control parameters
directly on rough terrains, the robustness of the walk could
certainly be increased. However, the aim of this study is
different.

The results of this study are promising. In fact, using
human-like compliant feet together with the neuromuscular
controller, we achieved walking gaits in a wide range of
speed. Moreover, we showed an increase of robustness of
the walk using soft feet respect to rigid ones. The obstacle



sizes and the walking speeds, considered in this study,
were selecting according to the kid-size proportions of the
COMAN robot. In order to compare these results with an
adult-size robot, a factor of 2, at least, should be considered.

Our future work will be collecting experimental data with
the real robot implementing the prosthetic feet. Snapshots
of a preliminary test performed on the real COMAN are
presented in Fig. 9. This result is obtained using the exact
same controller parameters optimized in simulation. In fact,
the simulation included full model of the robot dynamics
in the sagittal plane, the actuator dynamics and a realistic
contact model. Moreover we are interested to further extend
the model of the human-like compliance foot and deeper
study its effects on the walking gait. For instance, we will
analyze how the gait characteristics change using stiffer
prosthesis.
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