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Robotic feet play a fundamental role in the walking performance of a biped robot. Feet
are essential to maintain dynamic stability and to propel the body during walking.
They may ensure stability on uneven terrains. Yet, complex feet are seldom used on
humanoids. This paper surveys 36 types of robotic feet we found in the literature. We
classified them according to strategy, capabilities, structure, number of degrees of free-
dom, actuation method of ankle and foot, type of actuator, sensorization and type of
control. Subsequently, we analyzed the dynamic and static models of flexible feet. We
discussed considerations on foot dynamics or kinematics in the robot’s whole body con-
trol system. We analyzed both active joints control for feet including actuated joints, and
control for feet with elastic elements (for example, a rubber layer in the sole). Finally,
we present some limitations of robotic feet and possible future developments.

Keywords: robotic feet, biped locomotion, humanoid robots.

1. Introduction

Locomotion is an important topic in humanoid robotics research. More than 20 years
ago, researchers already started to study strategies on how legged robots can move
over rough terrain by adjusting the step length and the distance traveled between
successive steps for example [1,2].Yet, even common functions of the human such
as walking, running or dancing, are difficult to perform by a humanoid. The human
foot has been an inspiration for the design of humanoid feet. The human foot can
adapt to many different conditions, such as the presence of obstacles and rough
terrain, act as shock absorber and propeller, and help maintaining the balance.
This paper proposes a survey and classification of the state of the art of hu-
manoid feet and future directions for the development of new devices. Feet are
classified according the six following features: (1) goal of the foot, (2) capabilities
related to the legs performance, (3) design of the foot structure, (4) number of
degrees of freedom, (5) actuation method, (6) type of actuation, (7) sensorization,
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(8) integration of the foot in the robot model and (9) in the control system. To
identify the papers to be included in this state of the art, we used Google Scholar.
As scientific databases, we used IEEE Xplore, ResearchGate, Springer and Elsevier.
The papers were chosen based on the search keywords: “humanoid feet”, “robotic
feet”, “humanoid robot walking”, “bipedal locomotion”. A paper was included in
this survey if it provided complete information on the structure (and possibly sen-
sors and actuation) of the robotic foot and if it presented real robotic feet (not just
simulated). We included only feet used for biped robot walking. In total 36 feet in
60 papers were retained. They are presented in Table 1.

2. Anatomy of the human foot

The human feet are often used as inspiration of humanoids feet. Let us briefly
introduce the human foot structure and some terminology [3]. The foot anatomy
consists of 26 bones, 33 joints and numerous muscles, tendons, ligaments, nerves and
soft tissues. As shown in Fig. 1, the foot is divided into three anatomical sections
called hindfoot, midfoot, and forefoot, attached to the leg by the ankle joint.

The hindfoot connects the midfoot to the ankle at the transverse tarsal joint and
consists of the talus bone (in the ankle) and the calcaneous bone (in the heel). The
calcaneous bone and the talus bone are respectively the largest bones in the foot.
The calcaneous bears large loads during weight bearing and joins the talus bone at
the subtalar joint, enabling the foot to rotate at the ankle. The midfoot connects to
the forefoot at the metatarsal joints and contains five tarsal bones. Ligaments and
muscles make the connection from the forefoot to the hindfoot through the midfoot.
The main ligament is the plantar fascia. The midfoot transmits and attenuates forces
and allows the foot to accommodate to variable ground surfaces. It forms the arches
of the foot and acts as a shock-absorber, when walking or running. The arches are
supported and controlled by a combination of bones, muscular and ligamentous
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Fig. 1. Anatomic representation of the human foot and ankle, showing the major bones constituting

the hindfoot, the midfoot and the forefoot, and the plantar fascia ligament linking the hindfoot to
the forefoot. (https://www.coastlineortho.com/)
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structures making the foot efficient for locomotion [4]. The forefoot consists of the
toe bones (phalanges) and metatarsal bones. Each toe has three phalange bones and
two joints, while the big toe contains two phalange bones (proximal and distal),
two joints, and two tiny, round bones (sesamoid bones) which enable the pitch
movement of the toe. The metatarsal heads act as a lever for propulsion in the
terminal position and they adapt to the change of the gravitational axes, for the
stability. The ankle joint is made of three bones attached by muscles, tendons and
ligaments, which connect the foot to the leg. In the lower part of the leg there
are two bones: the tibia (shin) and the fibula. These bones connect to the ankle
joint, allowing dorsiflexion (pulling the foot upwards towards the lower leg) and
plantarflexion (pulling the foot downwards away from the lower leg). The tibia and
the fibula are coupled to ankle motion by the tibial rotation, which is coupled to
hindfoot, connected to fibular translation and rotation in all cardinal planes.

3. Classification of Robotic Feet

This section presents the surveyed 36 robotic feet and compares them according to
six significant features we identified: overall goal, capabilities, structure, number of
degree of freedom (DoF), actuation for each ankle and each foot, type of actuator,
sensorization and type of feedback when control is applied. Each of these features
is presented below and all feet are summarized in Table 1.

3.1. Goal

The goal defines the main expected functional purpose of the foot: i.e. shock absorp-
tion, adaptability to uneven terrain, energy storage, stability... and the idea behind
the foot structure, i.e. which inspiration has been followed to design the foot.

3.2. Capabilities

Capabilities refers to effect of the legs. Some classified robotic feet have been devel-
oped together with the leg to perform different types of actions: standing, walking,
stair climbing, running or jumping. Some of the analyzed structures are not yet
tested on humanoid robots and we are not able to analyze the legs performance, so
we could not mark their capabilities in the table.

3.3. Structure

Structure refers to the physical structure of the foot. Most humanoids adopt flat
feet consisting of a unique rigid segment [5-30] or of two rigid segments joined
by a revolute joint [31-40,42-51]. One humanoid robot adopts a different solution
with a unique rigid segment with a wheel on the foot [41]. Fig. 2 shows the feet
of these categories. Finally, few robotic feet are designed with a more complex
structure [52-59], or with soft structures [60-64]. Fig. 3 shows these feet.
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3.4. Degrees of Freedom and Actuation
Degrees of Freedom

Each robotic foot can be classified according to the number of degrees of freedom.
Table 2 shows the number of DoF of the ankle and of the foot in the surveyed works.

Actuation

As Table 1 shows, we have also classified robotic feet based on power source method
(active or passive). An active actuation relies on an external source of power (such
as a battery) to operate an actuator providing force or torque. On the other hand, a
passive foot produces forces from the action of springs or damping elements, which
can change the feet attitude when it comes in contact with the ground. Also in this
section, we will consider both ankle and foot.

3.5. Sensors

Most of the robotic feet are equipped with sensors. These include measurements on
the foot or ankle. Generally, the sensors measure the ground reaction force (GRF),
the displacement of the foot, the tilt angle, the detection of contact between the foot
and the ground and the pressure. Table 3 show which sensors are used to measure
these quantities, along with their components.

3.6. Models

The development of the foot model represents one of the main problems in bipedal
walking [65], since the structure of the foot is complex and the modeling of contact
is not trivial. However, the dynamic model of humanoids is important to estimate
the response of the robot and its interaction with the ground during operations
when conducting simulations, and when using advanced control schemes. Table 1
also shows for which robots models of the foot are available, as well as some walking
models.

3.7. Control

We finally classified robotic feet based on the type of control (closed loop or open
loop). However, as Table 1 shows, there are few control systems which include foot
dynamics or kinematics. These works are mainly divided into two categories: foot
which has some actuated joints (often, the actuated joint is the toe pitch) and foot
for which the structure is completely flat, but includes elastic elements which can
be added to the robot dynamic model.
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3.8. Survey and discussion
3.8.1. Goal

Most robotic feet aim at reproducing the functions of the human foot and at per-
forming human-like motions. In ROBIAN [32, 33], the flexible feet simulate the
human locomotion with a parallel mechanism at the ankle and one passive joint be-
tween the heel and toe. Ogura et al. describes WABIAN-2R as capable of human-like
walk with stretched knees, heel contact and toe-off motions, using a foot mecha-
nism with a passive toe joint [35]. The feet of HRP-4C [48], of UT-u2 [44], of
ARMAR-4 [49], and of BIPMAN [45] were developed with an active toe joint to
realize human-like walking motions. SoftFoot [64], Kengoro’s foot [60-62], Yala-
manchili et al. structure [57] and Yoon et al. foot [58] aim at reproducing the
flexibility of the human foot by using multiple joints. The second most common
goal of the feet are to allow stability and adaptability when walking on uneven
terrains [5-9,13,17,18,46,47]. Kang et al. developed a mechanism to detect ground
surface to stabilize the walk of Wabian-2R [9]. Several types of foot structure, some-
times with many joints, to ensure that the foot adapts to the ground in the presence
of obstacles have also been proposed [56,59,63,64]. To achieve environmental con-
tact actions or the balancing on a rough terrain, Asano et al. added flexibility to
the foot structure of Kengoro [60-62], while Kanehira et al. proposed to use visco-
elastic elements [14]. Another common goal is the absorption of the foot impact on
the ground. Some feet are designed to absorb the shock with the ground [16] and
also to store and release energy during this phase [19,20,52,63]. To do so, some
structures include layers of visco-elastic material to absorb impact with the ground.
For example, in HRP-2 [13] the foot structure consists in a combination of a rubber
sole and bushes under the force sensor. In BHR-2 [10-12], the authors adopt rubber
bushes and rubber pads for absorbing landing impacts when the humanoid robot
is moving. In WL-12RVII [5,6] the foot is equipped with an absorption mechanism
that uses cushioning materials. Enabling mobility in inhospitable environment is
the main goal of robots such as WALK-MAN [15], PYRENE [21], JAXON [22],
VALKYRIE [23,24], DRC-HUBO+ [41], LOLA [50,51] and HRP-2 [13,14]. Some
robotic feet designs aim at extending walking capabilities with the insertion of the
toe joint. With this joint, H6 [42,43] can move forward with its knees in contact
with the ground. Eldirdiry et al. provide a robotic foot with a passive joint and try
to avoid foot drop [36-40]. Takahashi et al. proposed an active joint in the foot for
the first time and implemented it in the robot Ken [31]. With these feet, the robot
could walk also when contact between the foot sole and the ground was reduced
to a contact point. The robot ASIMO feet designed to enable the robot to go up
and down stairs, walk on an uneven ground and operate freely in the human living
space [29,30]. Finally, the robot NAO [25-28] foot was designed to be lightweight
with two rotary joints in the ankle-foot structure, to make a unique joint module.
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(y)

Fig. 2. Robotic feet with a one segment structure, with one segment with a wheel or with two
segments structure (a) WL-12RVII [5, 6], (b) CASSIE [7,8], (¢) WABIAN-2R (unique-segment
mechanism) [9], (d) BHR-2 [10-12], (e) HRP-2 [13,14], (f) WALK-MAN [15], (g) P2 [16], (h) HRP-
4[17,18], (i) KHR-3 [19,20], (j) PYRENE (TALOS) [21], (k) JAXON [22], (1) VALKYRE [23,24],
(m) NAO [25-28], (n) ASIMO [29,30], (o) Ken [31], (p) ROBIAN [32,33], (q) iCub [34], (r)
WABIAN-2R (two-segments mechanism) [35], (s) [36-40], (t) DRC-HUBO+ [41], (u) H6 [42,43],
(v) UT-p2 [44], (w) BIPMAN [45], (x) PNEUMAT-BH [46,47], (y) HRP-4C [48], (z) ARMAR-
4 [49], (aa), LOLA [50,51].

3.8.2. Capabilities

Most robotic feet and legs have been designed together to give the humanoid the
ability to stand and walk. Only Kengoro [60-62] is not able to walk but has the
abilities to stand.

The other classified humanoids are able to walk, at different speeds: for example
WABIAN-2R (two-segments) [35] can walk up to 0.27 m/s, KHR-3 [19,20] up to
0.35 m/s, BHR-2 [10-12] can reach 0.56 m/s, HRP-2 [13,14] can reach 0.69 m/s
and NAO [25-28] can arrive at walking speed of about 0.17 m/s. For LOLA [50,51],
researchers aim to realize fast walking and they reach the impressive maximum
walking speed of 0.94 m/s. Some robots are able to walk straight and sideways,
turn and walk on an inclined plane: for example WABIAN-2R (unique segment) [9]
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Fig. 3. Robotic feet with multiple segments structure or with soft structure (a) PNEUMAT-
BB [52], (b) WABIAN-2R (multi-joint mechanism) [53-55], (c) [56], (d) [57], (e) [58], (f) [59], (g)
KENGORO [60-62], (h) [63], (i) SoftFoot [64].

is able to walk on an inclined plane of up to 7 degrees and with a maximum height
of 15mm.

Many humanoids are also able to climb stairs. In bipedal locomotion, in fact, the
ability to walk up stairs is important to be able to explore new industrial environ-
ments and walk on multi-contact scenarios. For example, BHR-2 [10-12] can step
upstairs up to 0.15m. P2 [16] is able to walk up and down the staircase of typical
buildings (0.2m height and 0.22m depth of each step) at a normal human speed.
HRP-4 [17,18] performed dynamic stair climbing in an industrial environment over
0.185m steps and P6 reached 0.25m height step climbing. There are few humanoid
robots able to run. In fact, running requires the ability to maintain balance while
switching positions. Researchers studied symmetric patterns of body and leg mo-
tion, to simplify running control [66]. The legs ability of CASSIE [7,10] is very
advanced: the robot successfully completed a 5000m outdoor run in 53 minutes.
The latest version of ASIMO [29,30] can walk, run, run backward, hop on one leg
or on two legs continuously. In particular, it can run at a speed of 1.67 m/s. HUBO
2 [67] can run at a maximum speed of 1 m/s. The new JAXON3-P [68], with phys-
ical joint compliance by series elastic actuators, is capable of high jumping motions
(0.3m height) and of stabilizing its own balance during whole-body motions Finally,
Atlas [69] is one of the most athletic humanoid robots in the world. Its advanced
control system enables highly diverse and agile locomotion. Its capabilities are very
impressive: it is able not only to perform a simple run and to jump, but also to
perform a running jump into a platform, jumps with both feet, running along a bal-
ance beam, jumping and doing flips etc [70]. It has completely flat feet, but despite
this simple structure, it has enormous walking skills on uneven terrains. However,
Atlas was not included in the classification table due to the lack of published details
regarding its feet: structure, sensorization, actuation, model.
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3.8.3. Structure

The feet of most humanoids are made up of a single rigid segment. This simplest
structure increases the risk of falling during the walking. Without compliance in
the ankle, the foot is unable to adapt to the ground, causing loss of balance. To
limit this problem, some humanoids adopt layers of visco-elastic material under
the sole of the foot [71]. For example, in the WAF-3 foot mechanism installed on
the biped walking robot WL-12RVII [6], there is a 20 mm layer of silicon foam
and two layers of polyurethane rubber. Similarly, the feet of HRP-2 [13], BHR-
2 [10] and P2 [16], include rubber bushes and rubber pads to avoid slipping and to
increase adaptation to the ground. In particular, in P2’s foot [16], rubber bushes
are inserted in a guide to give elasticity in the vertical direction. In BHR-2 [10], four
pieces of grommet are attached to the four corners of the foot bottom, to prevent
slipping and reduce the impact shock between the foot sole and the ground. The
iCub designers addressed the problem of energy dissipation during the foot impact
with the ground [72]: Choi et al. developed a viscous air damping sole to reduce the
impact on the ground forces at the foot while walking and landing. The sole is based
on three air containers which are at the tip and heel of the foot. The results of the
tests with this new mechanism show the reduction not only of the impact force, but
also of the joint torque. The structure of the foot of WALK-MAN is singular [15]: it
is composed of four layers: two metal layers, a rubber layer in the middle to reduce
the peak force during impact, and another rubber layer under the bottom metal
plate to increase the grip between the foot and the ground. The special feature
of the DRC-HUBO+ biped [41] is that, despite having a completely flat foot, it
includes a passive caster in each foot, to make the robot pivot in tight spaces. The
wheel is attached to the side of the corresponding foot. In fact, the robot presents a
dual-mode strategy to extend mobility by including both walking and wheel mode.
This technique enables the biped to perform various actions, including traversing
uneven terrain by walking, and moving across smooth terrain more quickly and
stably with the wheel mode.

Some robot feet have a revolute joint that connects two rigid segments. This
does not allow complete adaptability to the different types of terrain but a greater
balance in the presence of obstacles, compared to the unique segment structure.
This structure may allow a more human-like walking [73]. In fact, the realization
of single toe support makes walking more human-like. Some of these robotic feet
consist of two rigid rectangular parts connected by a passive joint, which allows the
pitch toe rotation [31-40]. The front rectangular part represents the toes following
human-like inspiration, to address stability reproducing heel-contact and toe-off
motion during walk. In particular, in iCub [34] the toe phalange is loaded by two
torsional springs. This feature is created to take longer strides than humanoids with
flat feet. As shown in Table 1, HRP-2 has a completely flat foot structure. However,
simulation studies have provided an additional foot joint, the toe joint. In HRP-
2TJ [74], this new joint increases the walking speed by increasing the step length.
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Table 2. Actuation of Robotic feet: number of DoF's for both ankle and foot. For the foot, the number
of active DoF's is stated in parentheses. We only consider robots for which at least one DoF is active
(in either the ankle or foot).

FOOT DoF

o 1(0) 1(1) 2(2) 3(0) 4(2) 16(1) 20(7)™
Toe Pitch Midfoot, Toe Toe
Forefoot Pitch, Pitch
Toe Roll
=] [63]
«| 56 wLizrvn
~| [7,8] cAsSIE [31] Ken
(9] WABIAN-2R
[10-12] BHR-2
42,43] H6
B [13,14] HRP-2 (32, 33] {44] U]T it
A [15] WALK-MAN ROBIAN n
o) [16] P2 [34] iCub  [45] BIPMAN
g [17,18] HRP-4 [35] [46, 47] PNEAUMAT-
Z | [19.20] KHR-3 [36-40] PNEUMAT-BH  gp
< &| [21] PYRENE [41]DRC. 48] HRP-4C [53-55] (58]
[22] JAXON HUBO+ [49] ARMAR-4 WABIAN-2R  [50]
(23, 24] VALKYRIE [50,51] (multi-joint
[25-28] NAO LOLA mechanism)
[29,30] ASIMO
< 60—
® 62]
KEN-
GORO

A All the degrees of freedom of the ankle are active. When there is 1 DoF it is the pitch, 2 are pitch and roll, joint with 3
DoF's is a spherical joint.

* The seven active DoFs in [63] are: 5 in the forefoot, 1 in the midfoot and 1 in the hindfoot.

In HRP-2LR [75], there are two torsion springs in parallel for each foot with the
aim of accumulating and releasing energy during running.

Several humanoids are equipped with an active toe joint [42-51]. We can find
different orientations of the joint axis. For example, in H6 [42,43], it is placed
at the center of the toe link in the forward direction to generate bi-directional
torque, whereas the PNEUMAT-BH foot [46] has an oblique mid-foot joint with an
axis tilted in three dimensions, which imitates the human transverse tarsal joint.
The particular structure of the miniature humanoid robot UT-p2 [44] includes a
toe joint mechanism using a parallel four-bar linkage. The key of the design using
parallelogram structure is that it enables rotation of the foot around the toe base
joint with pure rotation, without any slippage, which enables smooth toe-off motion.

Some robotic feet are more complex and articulated, with three, four or five
segments. The Pneumat series increased the number of foot joints in PNEUMAT-BB
[52], whose foot consist of three links and two joints to connect hindfoot, midfoot and
forefoot. WABIAN-2R’s multi-joint foot [53] and the biomimetic foot mechanism of
Seo et al. [56] include three passive joints. In particular, Seo et al. structure [56] is
highly articulated: it is composed of five rigid toes, five rigid metatarsal structures,
the rigid heel and fifteen springs imitating the human foot muscles and tendons.
These elements are connected to each other to create the rotational motion of the
mid-foot and the pitch movement of the toes, to obtain a three DoF foot. Finally, five
rigid segments make up three types of robotic feet [57-59]. The structure is either
more articulated, to imitate the structure of the human foot [57,58] or to improve



January 19, 2022 10:42 WSPC/INSTRUCTION FILE output

Bipedal robot feet: state of the art and future directions 11

the adaptability to the ground [59]. In Yalamanchili et al. [57], the five segments
connected by rotational joints represent the human bones: tibia, talus, metatarsus,
heel and phalanges. The Yoon et al. foot [58] includes three rigid platforms: one
front-left, one front-right and a rear platform. Each front platform is attached to the
ankle by a limb, while the rear platform is attached to the ankle by two limbs. To
improve the adaptability to the ground, Kuhen et al. [59] installed a rear damping
mechanism between the ankle and the foot and a rubber sole.

Finally, three of the surveyed robotics feet are soft [60-64]. Their structures are
more complex than the above ones, with five fingers and many more joints. In
the humanoid Kengoro [60-62] there are two rotational joints in each finger and
two spring joints (3DoFs each) in the backward and frontal arches. In Davis et al.
foot [63], the authors mimic the phalanges and metatarsal joints in each finger.
SoftFoot [64] has the most complex structure of all robotic feet found in our survey.
The structure consists of a longitudinal arch, a backward arch, five chains each
composed of ten phalanxes forming the plantar fascia, and a rigid part on the back
side (heel). Each phalanx is connected to the next one through a rotoidal joint, while
the sole is connected with the two arches through revolute joints. Furthermore, all
of these robotic feet include visco-elastic elements, to allow greater adaptability to
various terrains. In Kengoro [60-62], the plantar fascia, which connects the heel
to the base of the fingers, is composed of urethane rubber. Davis et al. foot [63]
is covered with an elastic material, similar to human skin. Finally, in the sole of
SoftFoot [64], each phalanx is connected to the others through two elastic bands
and a tendon, which crosses the flexible structure to improve the distribution of
forces. To provide additional elasticity to the structure, five springs are positioned
along the longitudinal part, to connect the backward arch with each chain and to
give an elastic connection to each mechanism.

Most robotic feet are designed with a zero DoF plate to simplify problems on
whole body control and motion generation. However, this rigid structure is not
good for walking on non-flat ground, as it increases the risk of falling. To limit this
problem, most robots adopt a simple solution in which layers of elastic material are
inserted under the sole, to increase friction and use compression supports. In most
cases though, the foot is still too rigid to walk on uneven terrain. Feet with several
DOFs, usually a sort of toes, are primarily designed to allow for toe off for human-
like walking, more complex structures reduce the risk of falling by increasing the
balance on uneven ground compared to the previous structure. Adding flexibility
to the foot structure improves balancing and walking performances on rough ter-
rain, energy efficiency and shock absorption. The structure of these feet is divided
into various segments connected by joints, sometimes with elastic elements such
as springs and tendons. However, these structures with multi-DoF are marginal in
number compared to the simplest feet. Simulation study of HRP-2 shock-absorbing
mechanism [76] concluded that the absence of compliance induces strong instanta-
neous perturbations when each foot touches the ground. Yet, outside these phases
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of impact, the compliant sole preserves a behavior close to that of rigid soles. When
the compliance of the sole is increased, the peaks of the waist acceleration during
walking are reduced but the waist inclination in the standing phase also increases.
Compliance and deformation by adding DoF may be beneficial for handling various
terrains, But is showed that increasing softness can reduce stability in balancing
performance [76-78], the robot body may be subject to oscillations with the multi-
DoF feet during the standing phase. Robots with flexible feet are more likely to
fall. [77], also emphasized the need for an adequate model of the foot compliance.
To account for this, robotic feet should feature variable stiffness, with compliance
changing to obtain good performance, both during the impact phase, and during
the rest of the stance phase. Choi et al. [79] introduced such variable compliant
humanoid foot design using a leaf spring and rubber balls in series. This promising
approach of variable compliance feet is still very scarse in the literature.

3.8.4. DOF & Actuation

Most of the surveyed feet are coupled with an ankle joint. A few feet are designed
with only a plantar fascia or a platform [56,57,63,64]. The ankle of most humanoids
has two DoF and allows the pitch and roll rotations of the joint [9-30,32-55,58,59].
In WL-12RVII [5, 6], Ken [31] and CASSIE [7, 8], the ankle allows only the pitch
movement and in Kengoro [60-62] the ankle joint is a spherical joint. Only DRC-
HUBO+ [41], with its passive wheel positioned on the foot, has a translational
degree of freedom to the foot. Some feet however have been developed with more
DoF's. Table 2 shows two structures with three DoFs [53-56], three structures with
four DoFs [57-59] and three structures which stand out among the others with
more than 15 DoF. There are 16 DoF's in the foot of Kengoro, 10 of them in the five
fingers, 3 in the subtalar joint in the frontal arch of the foot and 3 in the transverse
tarsal joint in the backward arch [60-62]. The foot structure of Davis et al. [63] has
20 DoFs: the joints in the forefoot allow the majority of the movements. Finally,
the SoftFoot structure [64] has 56 DoF's. The structure consists in five chains of
ten phalanxes each. Each chain is attached to the rigid heel by another joint. This
structure gives the foot a vast mobility and great adaptation to uneven terrains.
When the foot structure does not include joints, only the ankle is actuated [5-30].
Most of the articulated feet are equipped with passive internal joints [31-41,53-55].
However, some robotic feet have active joints: motors or other kinds of actuators like
artificial muscles can independently move parts of the foot [42-52,58-63]. In Table
1, feet are classified also according to the type of actuation implemented in the
ankle or foot. Table 2 summarizes how many and which DoF's are actuated for both
ankle and foot. For the foot, the number of active DoF's is stated in parentheses.
We only consider robots for which at least one DoF is active (either in the ankle
or foot). As Table 2 shows, in most humanoids, motors provide ankle actuation to
change the foot orientation [5—41].

Brushless DC Motors: they equipped most the ankle and the foot’s internal



January 19, 2022 10:42 WSPC/INSTRUCTION FILE output

Bipedal robot feet: state of the art and future directions 13

joints of robotics feet [7,8,49-51,59-62]. In ARMAR-4 [49], the motors are controlled
by servo drives in the ankle and by a custom motor control board in the toe. In
LOLA [50,51] the joint of the toe employs harmonic drive gears as a speed reducer.
The compact design of the harmonic drive allows for integration directly in the toe
joint. In Kengoro [60-62], the toe is actuated by a muscle connected to a 90-W
brushless DC motor placed on the lower leg link. It is powerful enough for tiptoe
standing, with the help of the hands resting on a wall. In the particular robotic foot
of Kuehn et al. [59], the motors allow the ankle movement and the movement of the
foot via rigid linear segments. In [63], seven motors in hindfoot actuate 20 joints.
The structure is divided in seven groups of joints, which are actuated independently.
These motors are built in the hindfoot due to the space limitation in the forefoot.

Brushed DC Motors/AC servo: They are used mainly for ankle pitch and roll
rotation to change the foot orientation [5,6,9,13,14,17-20,25-28,31-33,35-40, 44,
53-55]. In HRP-4 [17] the motor is controlled by two motor drivers in the shin link to
make the limb and ankle thin. The ankle of the NAO used an innovative combination
of two actuators [25] to make a universal joint module which includes packaging.
This reduces the cost while taking into account the mechanical constraints imposed
by the outer shell. In WL-12RVII [5,6], AC servo motors are used for antagonistic
driven joints to maintain high torque during high-speed revolution, and they coupled
harmonic gears (because of their light weight) to each motor. In contrast, in HRP-
4C [48], UT-p2 [44] and H6 [42,43], DC motors allow both ankle and foot joints
rotation [42—44,48]. In H6 [42,43], small and light motors are adopted for the toe
joint.

Series elastic actuators: Unlike all other humanoids considered, in the NASA’s
first bipedal humanoid robot Valkyrie [23], the ankle actuators are series elastic
actuators (SEA). Each ankle is actuated as a pair of parallel linear SEAs to allow
for parallel actuation across two DoF. The SEAs directly drive a roller screw nut
and feature a two-force member to allow actuation across two degrees of freedom.

Pneumatic actuators: They are used in the internal joints of some robotic feet
[45,45,46,52,58]. In particular, in BIPMAN [45] and PNEUMAT-BH [46,47], the
actuators allow the rotation of the toe pitch, whereas in PNEUMAT-BB [52] they
allow the movement of two DoF' in midfoot and forefoot. In the Yoon et al. structure
[58], two upper platforms and three limbs are driven by four pneumatic actuators.
This design generate motion between the forefoot and hindfoot and two rotations
about the ankle joint allowing natural motions for the foot and ankle. However,
pneumatic actuators have two limitations: an inflation speed insufficient to manage
strong perturbations and a significant cluttered space.

In the human foot there are many muscles to articulate the foot, allowing a very
high number of movements. Inspired by the human foot, some robotic feet have
multiple degrees of freedom. Yet, actuating each joint individually can be complex,
requiring a large number of actuators. In fact, small rotations and translations
between the phalanges of the foot can be obtained thanks to a high number of DoF
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Table 3. Sensors to measure ground reaction force, foot tilt angle, displacement, ground

detection and pressure.

Ground Reaction Force Tilt Angle Displacement
[10-12] BHR-2OF Potentio- [46, 47] Pneumat-  Potentio-  [5,6] WL-12RVIIF
meters BHA,F meters
[13,14] HRP-2OF [52] Pneumat-BB*F Accelero-  [10-12] BHR-2F
meters
[15] WALK-MANOF  Accelero-  [10-12] BHR-2F [23,24] VALK YRIEF
meters
[16] P2F [5,6] WL-12RVIIF Gyroscopes [10-12] BHR-2F
[17] HRP-4OF Gyroscopes [10-12] BHR-2F [23,24] VALKYRIEF
[21] PYRENECF [7,8] PYRENE"® Encoders [34] iCubF
[22] JAXONOF [13,14] HRP-2A Resistors [45] BIPMANF
[23, 24] [21]PYRENE# Proximity  [59]F
VALKYRIEOF
6-axis [29,30] ASIMO# [23,24] VALK YRIE®
F/T
Sensors [35]OF [25-28] NAOA Ground detection
[36 40]OF Encoders [31] Ken¥ Accelero- 59]F
meters
[41] DRC-HUBO+OF [34] iCub¥ Inclination [19,20] KHR-3F
Sensors
[45) BIPMANOF [49] ARMAR-44F " Load [52] Pneumat-BBOF
Cells
[48] HRP-4COF [50,51] LOLAMF [49] ARMAR-4UF
[49] ARMAR-4OF [59]F Micro [5,6] WL-12RVIIUF
Swiches
[50,51] LOLAF 163]F Optical [63]F
sensors
[59]OF Inclination [5,6] WL-12RVIIF
[563-55] Wabian-
2ROF
3-axis [19,20] KHR-30F Pressure
F/T
Sensors [44] UT-p2F [23,24] VALK YRIEF
Strain [32,33] ROBIANFE Pressure [45] BIPMANF
Gauge [42,43] HEOF Sensors [46, 47] Pneumat-
BHF
Force [59]OF [52] Pneumat-BBF
sensing
resistors
Torque [34] iCubOF
Sensors
Load [60-62] KengoroF
Cells
[52] Pneumat-BBOF
Pressure [44] UT-p2F
Sensors

A Sensor positioned in the ankle
F Sensor integrated in the foot structure
OF Sensor positioned on the foot

UF Sensor positioned under the foot

without actuation. High DoF allows a high degree of deformability and adaptability
to the ground even when the level of control reaches the ankle joint and do not arrive
to the foot. In fact, the deformability of the foot makes the kinematics/dynamics
hard to model and often to control. Figure 4 shows the variation of the robotic
feet degree of actuation (i.e., the number of joints actuated in the foot structure —
not considering the ankle) with respect to its DoF. The figure shows the structures
constituted by at least two segments: completely flat feet (without any DoF) are
not shown. As the figure shows, most robotic feet have an internal joint, the pitch
toe. These feet are highlighted in two groups. In the first group (green circle), the
joint is passive, whereas feet in the second group (orange circle) have an active toe
joint. Moreover, the figure shows that when the DoF increase there is no increase
in the number of active joints, but only some of these joints are active. In fact,
in [58] and [59], only two of the four degrees of freedom are active. In humanoid
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Fig. 4. Trend of the actuation level with respect to the number of degrees of freedom (considering
robotic feet with at least one degree of freedom).

foot [60—62], only 1 of the total 16 DoF is active. In structure [63], there are 20
total DoF within the foot, 7 of which are actuated. Finally, [64] has the highest
number of DoF, none of which actuated. This structure, tested on the humanoid
HRP-4 [78], offers non-actuation together with high deformability.

3.8.5. Sensorization

Ground Reaction Force (GRF): In most humanoids, the GRF and the zero moment
point (ZMP) are measured by force/torque (F/T) sensors. As Table 3 shows, most
use 6-axis F/T sensors. In WALK-MAN [15], P2 [16], HRP-4 [17, 18], HRP-4C
[48], JAXON [22], ASIMO [29, 30], Ogura et al. foot [35], Eldirdry et al. foot [36—
40] and DRC-HUBO+ [41], this unit is composed only of a six-axis force/torque
sensor capable of measuring the Zero Moment Point (ZMP) and the GRF. In DRC-
HUBO+ [41] each sensor is made of a three-beam cross type structure and can
measure three-axis moments of up to 80 Nm and three axial forces of up to 2000V
considering the mass of the robot. Six-axis F/T sensors are also employed in BHR-
2 [10-12], PYRENE [21], VALKYRIE [23,24], BIPMAN [45], ARMAR~ [49], LOLA
[50,51], Kuehn et al. foot [59] and WABIAN-2R (multi-joint mechanism) [53-55].
The robotic feet designed by Kuehn et al. [59] are equipped not only with a 6-axis
F/T sensor but also with a highly articulated sensor structure, to monitor the state
of the foot and its interaction with the external environment. A matrix of 49 force
sensing resistors (FSR) is installed: 43 sensors measure the GRF at the foot sole and
the 6 others measure the impact force of the collision of the foot with the ground.
NAO [25] is also equipped with four force sensitive resistors (FSRs) under each foot.
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Yet, rather than measuring GRF, they estimate walking qualitative states and fall
scenarios. Some robots employ three-axis F/T sensors to measure both ZMP and
GRF. It is the case of KHR-3 [19,20] and UT-u2 [44]. In KHR-3 [19, 20], these
sensors measure the normal force with the ground F, and the moments along the
walking direction N, and the transverse direction N,,. UT-u2 [44] adopts four 3-axis
force sensors in the foot, which enable the robot to measure 6-axis force/torque,
avoiding the use of the 6-axis force sensors. In fact, 6-axis force sensors are too
large with respect to the size of UT-p2. UT-u2 adopts also pressure sensors for
higher detection. In H6 [42] and in ROBIAN [32,33], ZMP and vertical reaction
forces are measured using strain gauges. In particular, in H6 the system consists of
several measurement units distributed in the foot, each with a ground contacting
cylinder and a beam with strain gauge. The torques around the x and y axis and
the force along the z (vertical) axis are calculated from the output of these units, to
obtain the ZMP. In iCub [34], a torque sensor in the foot-ankle system measures the
torque generated at the output of the actuators. GRF can also be measured with
multiple loadcells, as in Kengoro [60] and in PNEUMAT-BB [52]. In Kengoro [60],
the measuring unit is made up of 12 loadcells installed on each foot, 5 on the tip of
each toe, 5 on the base of each toe and 2 on the heel. Each unit is loaded through
the polyurethane which connects the whole sole of the foot. In PNEUMAT-BB [52]
there are three load cells for each foot: one in the hindfoot, one in the the midfoot,
and the last one in the forefoot, to measure GRF while walking.

Tilt Angle: As Table 3 shows, most humanoids adopt multiple magnetic encoders
to measure the ankle tilt angle, hence the foot orientation. In particular, in iCub [34]
the sensor system uses optical encoders to measure the configuration of the foot
(linear and rotational position). In some of the feet structures, encoders also provide
angle of the internal joints. This is the case of Davis et al. [63] and Kuehn et al. [59]
feet. Davis et al. foot [63] offer small local Hall effect sensors to measure the joint
angles. In Kuehn et al. [59] structure, there are magnetic angular absolute encoders
to measure the angles between the different components of the foot. Pneumat series
[46,47,52] use potentiometers to measure the joint angles. These are located in the
joints in the ankle and in the feet. BHR-2’s foot [10] estimates the attitude via
MEMS accelerometers and angular rate gyroscopes. The sensors can provide the
overall orientation of the foot. Finally, WL-12RVII [5, 6] relies on an inclination
sensor to measure the ankle tilt angle.

Displacement: The feet are sometimes equipped with linear displacement’s sen-
sors as shown in Table 3. BIPMAN [45] adopts linear resistors. Valkyrie [23] adopts
three-axis accelerometers and three-axis gyroscopes in the feet. In the feet of Yam-
aghuchi et al. [5] the displacement is measured by four linear potentiometers placed
on the surface of the foot at the four corners of its rectangular shape. As previ-
ously mentioned, in BHR-2 foot [10], the attitude estimation system uses MEMS
accelerometers and angular rate gyroscopes, both for the orientation and linear
displacement of the foot. In the iCub foot [34], one optical encoder monitors the
position of the motor, while two absolute magnetic encoders measure the position
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of the input pulley (harmonic drive output) and the position of the three-spoke
structure (the output of the compliant module). Kuehn et al. structure [59] uses an
infra-red proximity sensor inside the heel.

Ground detection: As Table 3 shows, few humanoids adopt sensors to detect the
moment of contact with the ground [80]. KHR-3 [19] adopts inclinometers, Kuehn
et al. [59] use accelerometers and PNEUMAT-BB [52] adopts load cells, to measure
the moment of the detection and the GRF. WL-12RVII [5, 6] uses micro switches
and in the foot sole of ARMAR-4 [49] there are seven strain gauge load cells. In
the foot of Davis et al. [63], optical sensors are used to determine the height of the
obstacle on the ground.

Pressure: Four of the surveyed robots are equipped with pressure sensors, as Ta-
ble 3 shows. In the BIPMAN [45] and in Valkyrie [23], pressure sensors measure the
differential pressure between the two chambers of the foot. In the PNEUMAT se-
ries [46,47,52], the inner pressure of the pneumatic muscles is measured by pressure
sensors attached to the plantar pneumatic muscles.

Sensor positioning: Table 3 shows the positioning of the sensors of ankle-foot
structures. The sensors can be situated under the sole of the foot, integrated in the
foot structure, on the foot structure (between the foot and the ankle) or in the ankle
joint.As already mentioned in Sec. 3.5, the majority of structures measure GFR with
a force/torque sensor. This sensor is almost always located on the foot structure
even if, in this case, the GFR measurement must be corrected by subtracting the
dynamic quantity added to the foot posture at each moment, due to the gravity
acting on the foot. In some of the surveyed feet, the sensor is inserted directly in
the foot structure [16, 32,33, 44,50, 51,60-62]. The tilt sensors are always placed
in the joints of the ankle or in the joints inside the foot or in both, to measure a
gradient of the landing surface. To measure the feet linear displacement, all robotic
feet have the sensors positioned in the foot. To detect the heel strike during walking,
WL-12RVII [5,6] and ARMAR-4 [49] adopt sensors under the foot. WL-12RVII has
microswitches with levers in the four corners of the lower surface of the lower-foot
plate. Under each foot of ARMAR-4, there are seven strain gauge load cells. The
feet of KHR-3 [19,20] and the feet of [59] [63] have sensors placed inside the foot
structure. Only in PNEUMAT-BB [52] load cells are on the hindfoot, the midfoot,
and the forefoot, to detect the heel strike while walking. Pressure sensors are always
placed in the foot structure [23,24,46,47,52,81,81].

As most feet are flat, the sole sensors used are for those for the whole body
balance control to guarantee stability during balancing and walking. F/T sensors
with strain gauges are commonly used to perform both feedback control and gait
performance analysis. Usually, they are positioned on the foot as Table 3 shows.
However, the mass of the F/T sensor at the leg end increases the leg inertia and
it can create noise under heavy impacts and fast movements. Therefore, such sen-
sors were found unsuitable for high-speed locomotion [82]. A lighter and cheaper
alternative to F/T sensors are GRF and ZMP sensors on the insole plane. FSR can
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be used to estimate walking states but their accuracy is usually to low to allow for
GRF estimation, they may be unsuitable for heavy robots and for fall detection.
Other sensors are marginally used. Sensor placement is also very homogeneous in
all systems, mainly due to operational constraints.

3.8.6. Models

Point, semicircular, triangular or unique-segment feet model: Most publications in
the literature rely on a model of the bipedal robot in which the foot is modeled
as a point. However, it is possible to find other models of the foot: semicircular
feet [83], rigid segment [84] or triangle in which the vertices represents the ankle,
heel and toe [85-89]. In most of the feet classified in Sec. 3, dynamic elements
are not considered. Considering robotic flat feet, research groups of CASSIE |[7,
8], WABIAN-2R (unique-segment mechanism) [9], KHR-3 [19,20], PYRENE [21],
JAXON [22], VALKYRIE [23,24], NAO [25-28] and ASIMO [29,30] did not develop
a dynamic model of the foot to be included in the total bipedal model. In other
robots, however, some research groups have developed a dynamic model of the soft
material present in the sole of the robot, including the elastic elements. This is the
case for LOLA [50], ROBIAN [32,33], Kengoro [60-62], WALK-MAN ([15], P2 [16],
BHR-2 [10-12], DRC-HUBO+ [41], WL-12RVII [5, 6], HRP-2 [13,90] and HRP-
4 [17,18] where the elastic materials are modeled as linear visco-elastic elements
with negligible mass. Kuhen et al. [59] researchers implemented the concept of
virtual springs in both DoF's due to adaptation of the foot sole to improve ground
contact and active damping of shocks. Some of the feet with internal joints, such that
of iCub [34], WABIAN-2R (two-segments and multi-joint mechanisms) [35,53-55],
Ken [31] and the structures [56,57] are modeled with a single rigid segment, even
if the structure includes multiple passive joints.

Multiple-segments feet model: models allow to calculate the kinematic parame-
ters of the foot during walking [57,91,92]. Park et al. [92] developed a five segments
foot model with four 3 DoFs joints between the segments. This type of model is
more accurate in reproducing the shape of the foot and its functionality improves
stability since there are many points of contact between the foot and the ground.
Also the feet of in Elidiry et al. foot [36-40], in Ken [31] are modeled considering
the internal pitch joint of the toe. For example, in HRP-2TJ [74], the feet include
an internal passive joint. The passive joint is often described by a simple mass-
spring-damper system et al. [36—40,74]. In Ken [31], authors modeled the toe joint
as a free joint because the friction force needed by the toe is sufficient to avoid foot
slipping. Researchers develop a model of the interaction between the ground and
the deformable (multiple-segment) feet model in the quasi-static phase of the walk
for SoftFoot [93]. They simplify the structure in two dimensions, but they consider
all the links and pulleys that make up the plantar fascia and the internal tendon
passed between the structure. The model is used to estimate the distribution of
contact forces between the foot and the ground, by using instead of the equation of
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motion, the quasi-static equilibrium of feet.

During normal locomotion, the foot is the last segment of the leg kinematic
chain and it is fundamental in the study of walking stability. Indeed, the dynamics
of the foot have a strong influence on the walking performance. However, only a
small amount of detailed literature exists that incorporates the foot model in the
complete model of the biped and few walk controllers include the foot dynamics. In
most cases, foot dynamics is ignored, although it plays a fundamental role in the
dynamics of a humanoid robot. When the structure of the feet is more complex,
it is not easy to develop an approximate dynamic model of the system. For this
reason, most humanoid robot control systems do not consider the foot dynamics.
In fact, for the development of the control design, it is very important to take
into consideration stability, robustness with regards to uncertain parameters like
the ground irregularity, and precision to follow the trajectory. In summary, with
increasing DoF of the foot, the number of controlled joints not always increases due
to the control complexity.

4. Suggested future developments

In this section we propose a selection of possible areas of investigation that could
lead to major breakthroughs in the development of robotic feet.

4.1. Inspirations from animals feet

While most of the inspiration for bipedal robot feet comes from human feet, in-
terestingly other animals (both terrestrial and aquatic) have also inspired some
new designs for robotic feet. For example, recent works are inspired by ducks [94],
birds [7,8,95], geckos [96], frogs [97], or salamanders [98,99]. In fact, animal move-
ment has several advantages such as high efficiency and high mobility on extremely
varied terrains.

Pillearachchige et al. proposed a claw inspired from birds [95]. It reproduces
their ability to walk, swim and cling to the ground. It consists of four fingers,
formed respectively by one, two, three and four phalanges, which can open and
close.

The foot of the bipedal robot Cassie is also inspired by a bird’s foot [7,8]. Indeed,
the morphology and the name of the robot are inspired by the Cassowary, a flightless
bird native to New Guinea, comparable to an ostrich. Its knees, attached to a short
torso, are reversed with respect to human ones.

Inspirations from aquatic and amphibious animals is of particular interest. Un-
derwater walking requires higher energy efficiency than walking on land. Animals
such as salamanders [98,99], frogs [97] or ducks [94], have particularly efficient feet
for walking on ground and underwater. The structure of their feet generates high
forces. Imitating such structures for the realization of robotic feet could be of major
interest. For example, the salamander feet contribute significantly to the thrust of
the body, by increasing the contact with the fingers, reducing the kinematics of



January 19, 2022 10:42 WSPC/INSTRUCTION FILE output

20 I.Frizza,K.Ayusawa,A.Cherubini, H. Kaminaga, P. Fraisse, G. Venture

the limbs, and consuming less energy [100]. Paez et al. proposed a mechanism that
mimics salamander feet [98]. This particular foot is very interesting because it has
directional flexibility. Depending on the activation of the motor, it can be rigid or
highly yielding. This way, the foot can generate variable stiffness, and adapt to
sudden change in the terrain.
Moreover, Ijspert et al. presented a spinal cord model and its implementation in
an amphibious salamander robot and they show the robot’s ability to switch from
aquatic to terrestrial locomotion [99]. Shimizu et al. proposed a webbed robotic
foot inspired by a frog’s foot [97]. Frog’s feet toes can only bend in the direction of
plantar flexion. This foot consists of a surface with cuts in the center of the toes
and around the root of the toes. These cuts are crucial in the rotation joints. A soft
rubber is applied to the sole of the foot. With this design, even this robotic foot
can only bend in the direction of plantar flexion, like the frog’s foot. This type of
robotic foot produces propulsive force, passively reducing the drag force that resists
the robot walk.
Finally, the authors of [94] developed a robot that uses webbed duck feet to walk on
different terrains, swim in the water and face obstacles in its path. In their design,
two flaps are attached to the feet bottom with hinges, so they open and close with
the water flow. The foot can be rotated at the ankle with the help of a servomotor to
change modes: swimming or walking. In walking mode, at least two feet are always
in contact with the ground at the same time. In swim mode, the flaps close when
pushed back and open when the feet move forward.

Another area in which inspirations from animals is important for robotic feet is
that of the development of new materials.

4.2. Soft material in robotic feet

In recent years, the integration of soft materials within conventional robotics has
sparked a wave of enthusiasm. Robotic feet could use this type of materials. Indeed,
thanks to their adaptability to uneven terrain and intrinsic safety the introduc-
tion of soft materials offers the possibility to overcome many issues inherent in
conventional robots. Works in this area are also often inspired by animals such as
octopus [101, 102], benthic animals [103], geckos or inchworms [104]. Geckos are
the largest animals capable of performing unassisted vertical hikes. Development
of dry adhesive materials to be used as feet for climbing robots has been the focus
of [105,106]. Yet, on each foot the areas of dry adhesive material must be large
enough to support the robot weight during locomotion. To improve the use of the
adhesive material for heavier applications, a hybrid soft-rigid foot with a sandwich
structure is proposed in [96]. It consists of three main layers (parts in hard, soft and
dry adhesive material). With the rigid part, the foot generates sufficient pressure to
obtain an adhesive force. The soft part maximizes the adhesive area. Finally, the dry
adhesive material provides strong adhesion. The octopus is one of the most studied
animals in soft robotics [101,102]. Indeed, the muscle in its arm provides everything
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necessary for moving. Laschi developed a robot called Octobot [102], taking inspira-
tion from the octopus. This robot has eight sinuous arms, which work together not
only for the robot’s locomotion, but also for grasping objects. This robot mimics
the octopus’s jet propulsion method for swimming. The researchers completed im-
pressive tests with Octobot swimming in the waters of the Mediterranean Sea. Soft
robots inspired by animals are advantageous for carrying out various activities such
as climbing on curvilinear, flat or vertical surfaces [104] or walking on the seabed
inside a fluid [103]. Others are developed to grasp objects [107,108], including very
thin and flexible ones [109]. Most of these robots use soft materials for actuation. For
example, shape memory alloy (SMA) wires [104], fabric reinforced textile actuators
(FRTA) [108], dielectric elastomer actuators (DEA) generate compression loads by
performing morphing of the shape [110] or McKibben artificial muscles [101]. Pres-
surized chambers make up the limbs of the robot which, if implemented with a
given sequence, can activate the walking gait [103]. Inspired by natural muscles,
a challenge in modern robotics is the development of autonomous soft actuators.
Some of these are already used in the development of robot hands [101,108] and in
the near future, they could be used on robotic feet. Soft materials could be included
in the robotic foot structure, since they offer several advantages also in the field of
locomotion. Indeed, the shock with the ground during walking can be absorbed by
soft materials. Materials of this type allow a greater adaptation to uneven surfaces
even in underwater environments [104].

With the use of soft materials, it could be possible to distribute the contact
pressure [107]. Robotic feet could be covered with soft skin, which deforms accord-
ing to the movement of the structure. The soft skin is capable of increasing the
local contact area, in order to disperse the contact pressure over the entire surface.
Thinking about multi-joint foot structures, we could get more advantage because
the deformation of the soft skin is dispersed due to the small angular variation of
each joint and there will be no concentration of local elongation and subsidence.
If the DoF of a skeleton structure are limited, they cannot follow the shape of the
object because the contact area is limited, even if there is a flexible exterior on the
contact surface. Robotic feet could take advantage of the inherent compliance and
high flexibility of materials to create highly adaptable robots [103]. Robots that
use these components can adapt to their environments, allowing compliance with
uneven surfaces. This behavior is particularly useful for walking systems, since a
soft actuator can bend to various shapes that would require many joints to replicate
rigidly. Moreover, following the idea of human-like performance, some soft actuators
can contract like human muscles by applying pressure [81,101,103,108].

Soft materials could also be useful in sensorization. Soft sensing techniques were
explored by Park et al. in the form of a custom strain sensor developed in an
active soft orthotic device [111]. Subsequently, this device, in combination with
a hyperelastic pressure sensor [112] made it possible to construct a soft artificial
skin with conductive channels of liquid metal, capable of multimodal detection
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[113]. Exoskeletal end effectors implanted with fiber-optic Bragg grating sensors
allowed Park et al. to incorporate the GRF detection, while limiting the mass of
the sensors [114]. The Cheetah four-legged MIT robot features a new footpad design
for GRF measurement including tactile sensing [115]. Using a soft material sensor,
this system is also capable of shock absorption thanks to its soft materials.

4.3. Sensory system for robotic feet

As we have shown in Sections 3.8.5 and 3.8.6, the modeling and the sensorization of
robotic feet is paramount to the success of efficient controllers. Recently, a plantar
skin composed of hexagonal cells was introduced by Rogelio et al. [116]. Each cell
provides four sensing modalities (force, pre-touch, acceleration and temperature).
Authors mounted forty-two cells in each sole of the REEM-C robot and computed
the pressure distribution to acquire the support polygon shape using the normal
force sensors. With this additional information, balance and walking controllers
could adapt online the kinematic constraints, to ensure stability. Comparing exper-
imental results between force/torque sensors and plantar robot skin performances,
the authors of [116] observe that with force/torque sensors the balance controller
does not have enough information to re-plan steps when an obstacle is detected un-
der the foot while walking. Indeed, with only the measure of the moment produced
at the ankle by the collision, the robot falls down. Instead, the balance controller
with skin information can decide when to re-plan steps, since it provides the sup-
port polygon area.

Also in the human body, the perception of information from sensory elements in
the foot is very important. Indeed, in the human body the sensory touch particles
allocated in the foot are fundamental both for balance and for locomotion. They
are placed in the skin along the plantar area and they are connected with three
main nerves that coordinate reflexes and muscle groups during walking. Sensitivity
depends on the walking phase and it is different between support and swing leg.
In conclusion, recent research studies about sensorization are trying to provide not
only the GRF, but also the shape of the pressure distribution and the support
polygon, to improve the stability in walking and balancing performance. Many de-
velopments in this area are yet to come.

5. Conclusions

This paper surveyed different types of robotic feet existing in the literature. We
classified robotic feet according to strategy, structure, number of degrees of freedom
(DoF), actuation method for ankle and foot, type of actuator, sensorization, and
integration of the foot in the robot model/controller.

We could observe that most robotic feet are designed with a zero DoF plate but,
to improve the walking on uneven terrain, some humanoid robots adopt layers of
elastic materials under the foot sole. Althouth some designers have added one or
more joints to the feet to improve balance and walk on rough terrain, there are
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still few multi-segment structures. Moreover, comparing the surveyed feet, we could
observe that when the number of DoF increase, there is no increasing in the number
of active joints. Indeed, only some of these joints are active. Finally, we can conclude
that the challenge to include foot dynamics in the walk controllers of biped robots
is still open due to the complexity of developing the foot model and designing the
walking controller.
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