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Legged robots can have a unique role in manipulating objects in dynamic, human-
centric, or otherwise inaccessible environments. Although most legged robotics
research to date typically focuses on traversing these challenging environments,
many legged platform demonstrations have also included “moving an object” as a
way of doing tangible work. Legged robots can be designed to manipulate a
particular type of object (e.g., a cardboard box, a soccer ball, or a larger piece of
furniture), by themselves or collaboratively. The objective of this review is to
collect and learn from these examples, to both organize the work done so far in
the community and highlight interesting open avenues for futurework. This review
categorizes existing works into four main manipulation methods: object
interactions without grasping, manipulation with walking legs, dedicated non-
locomotive arms, and legged teams. Each method has different design and
autonomy features, which are illustrated by available examples in the literature.
Based on a few simplifying assumptions, we further provide quantitative
comparisons for the range of possible relative sizes of the manipulated object
with respect to the robot. Taken together, these examples suggest new directions
for research in legged robot manipulation, such as multifunctional limbs, terrain
modeling, or learning-based control, to support a number of new deployments in
challenging indoor/outdoor scenarios in warehouses/construction sites,
preserved natural areas, and especially for home robotics.
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1 Introduction

Research on legged robots design and locomotion has mainly been fueled by the desire to
deploy teleoperated or autonomous systems in otherwise inaccessible terrains. While
wheeled and tracked vehicles are broadly used on paved surfaces (currently no more
than 7% of Earth’s land surface) and fields for agriculture and forestry (roughly 46.6%)
(Hooke et al., 2013), they have poor performance on sandy, rocky, and other unmodified
natural terrains (roughly 46.5%). Nearly half of Earth’s ice-free land area has not been
modified by humans (Hooke et al., 2013), and is often inhabited by animals that use their legs
to survive by walking (Schroer et al., 2004), running (Raibert et al., 2008), climbing (Grieco
et al., 1998), jumping (Zhang et al., 2017), and swimming (Song et al., 2016). In addition to
accessing natural terrains, legs can also enable improved access to human environments by
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climbing stairs, changing body height to crawl through confined
spaces, or carefully stepping around clutter or hazards. Potential real
world applications such as industrial inspection can also rely on
legged robots to regularly validate visual, thermal, and acoustic data
at waypoints in monitoring and exploration tasks (see recent
relevant review Bellicoso et al. (2018)). Furthermore, legged
robots can deliver payloads such as medkits in search-and-rescue
scenarios to hard-to-reach locations, e.g., after standard transport
routes have been compromised by a natural disaster.

Impressive recent advances across different fields of robotics
now bring us closer to future legged robots that more actively
interact with new environments. Legged robots can learn to
traverse challenging or urban environments (Liu et al., 2020;
Miki et al., 2022), by adapting their gait, footholds, and body
pose, and the next frontier lies beyond passive exploration (such
as mapping/inspection/localization). Actively turning a valve (Zhao
et al., 2019), retrieving an object (Roennau et al., 2014), pushing
away an obstacle (Stüber et al., 2020) or opening a door (Schmid
et al., 2008) are some fundamental manipulation tasks that can be
the difference betweenmission success and failure for a legged robot,
and can drastically enhance their abilities. Fortunately, decades of
manipulation work has developed an ecosystem of platforms
capable of both fine dexterous in-hand-manipulation [e.g.,
robotic Rubik’s cube solver (Yang B. et al., 2020a)] and
inexpensive, high-volume pick and place robots (Altuzarra et al.,
2011) with ongoing goals to approach human-like manual dexterity
(Billard and Kragic, 2019). Manipulation research has primarily
focused on stationary arms, but manipulation also occurs on mobile
platforms (see relevant reviews on wheeled robots (Thakar et al.,
2023) and on RoboCup (Sereinig et al., 2020)). Part of the reason
why legged robots have often remained limited to simple
interactions with their surroundings is that they are usually
deployed in environments that are less predictable, making
legged manipulation tasks more challenging. However, some of
the most advanced legged robots are overcoming these challenges
to perform dynamic manipulation (e.g., catching a ball, or opening a
door) during locomotion (Bellicoso et al., 2019; Zimmermann et al.,
2021). These works demonstrate the promising potential of legged
manipulation platforms as one of the next frontiers for the legged
robot community.

In this review, we consider different approaches to moving
objects with a legged platform. While “manipulation”
encompasses any robotic efforts to change the state of an object
(Lynch and Park, 2018), a unique ability for mobile robotic
platforms is changing the position of an object. Focusing on
moving objects also enables us to compare fundamentals of the
relationships between an independent object to be moved and
different legged robotic platforms. These concepts apply broadly
to applications in factories, hospitals, agriculture, land management,
and domestic environments. A wide variety of other potentially
useful examples of interactions such as digging in granular media,
adjusting a component of a larger structure, pressing buttons, or
driving a car are more specialized, but often include some of the
same primitive abilities.

The approach selected for manipulation also determines the
overall design of the robot and system. If a legged platform is
carrying task-specific manipulators, design metrics such as weight,
range, strength, and generality are important. If the legs themselves

become tools for moving objects, key design trade-offs become
impact resistance and sensitivity. Teams of robots can also
collaborate to move larger objects together, but each robot then
is typically smaller and more dependent on coordination. In all
cases, the stability of the platform must be considered to prevent
robots from falling over and ensure useful contacts with the
environment are leveraged, while the robustness of the grasp
must be considered to prevent objects from being dropped or
damaged.

While legged robots havemade significant strides inmanipulation
capability in recent years, a proper summary and review of the current
progress in legged robot manipulation is missing. Most reviews
surrounding legged robots focus on mechanical designs and
control strategies that power their impressive legged locomotion
ability (Liu et al., 2007; Sayyad et al., 2007; Wu et al., 2009; Silva
andMachado, 2012; Zhou and Bi, 2012; Aoi et al., 2017; Suzumori and
Faudzi, 2018). However, many recent works in the community have
started focusing on legged robot manipulation, and this upcoming
field at the interface between legged robot and (mobile) manipulation
is becoming popular and active research area, which has not been
covered by any other review paper to our knowledge. This work aims
to fill this gap by providing an in-depth analysis of the various types of
legged robot manipulation. Specifically, our aim is to present a
comprehensive summary of the general challenges, design, control
strategies, and features of legged robot manipulation, as well as to
highlight rising opportunities for future research. We also hope that
this work can assist new researchers in this field, or those coming into
it from an interdisciplinary background, in selecting and designing
new legged robots and approaches for legged manipulation tasks.

The outline of this review is as follows: first, we provide a brief
background on general requirements related to legged robot
manipulation. We then classify manipulation approaches into
four main categories: (a). Object interactions without grasping
(Pushing, kicking, and non-prehensile lifting). (b). Manipulation
with walking legs (single leg, double leg, and whole body). (c).
Manipulation with dedicated non-locomotive arms (e.g., when an
arm or trunk is added to the legged platform). (d). Legged teams for
manipulation (when a legged robot helps other robots or humans
with an object interaction). We propose a new theoretical analysis to
relate the size of manipulated objects and the manipulation limits of
robots that use legs to grasp (Section 3.2). Through a number of new
figures and tables, we summarize the carrying capacity of the
different manipulation methods discussed in this work, by
comparing the maximum object size vs. maximum robot size. In
doing so, we examine the key characteristics of different
manipulation methods, with the goal of helping future users
select the proper system and control approach based on the
required tasks. The examples provided, most of which have been
validated on physical platforms. We finally discuss open avenues for
future research, including both open/new challenges in this area and
future applications for these platforms.

2 General requirements

This section discusses the general requirements/challenges that
all types of legged manipulation platforms face. First of all, we note
that legged robot manipulation is much more complex than pure
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locomotion or pure manipulation, even though each of these two
parts bring their own challenges. However, since the robot’s body,
legs, and manipulated object also affect each other, one of the key
new challenges lies in ensuring simultaneous stabilization of both
locomotion and manipulation, even during dynamic configuration
changes in complex environments.

First, a legged platform’s stance must be stable with respect to the
environment duringmanipulation. In otherwords, the robot should not
be destabilized by manipulation motions or reaction forces. To
maintain the static stability of a legged robot, the projected center of
mass (along the gravity vector) must fall within its support polygon
(i.e., the convex hull constructed from all ground contacts, i.e., leg
positions) (McGhee and Frank, 1968). When a legged robot extends its
manipulator to reach an object, the weight of the manipulator and the
object may move the robot’s CoM out of its support polygon. This can
explain why grasping an object is harder for bipedal robots, since their
support polygons are relatively small, only formed by two legs, and the
mass of the torso and arms can easily shift the CoM outside of such a
small area (Kim et al., 2021). Adding more legs can help mitigate this
problem, thus fueling increasing research in quadruped- and hexapod-
based manipulation (Kalouche et al., 2015; Fang and Gao, 2018; van
Dam et al., 2022; Xin et al., 2022; Yao et al., 2022). Conversely, we note
that pushing against a large object can actually increase the robot’s
stability, if the object can help support some of the robot’s weight.

Second, contact with the object to be manipulated must be reliable
and safe, to prevent the robot from dropping or damaging the object.
The different classes of legged manipulation approaches described in
this work exhibit different types of contact forces. For most types of
grasping discussed, the ultimate goal is to lift the object off the ground,
implying the need for either form closure (Prattichizzo and Trinkle,
2016) (i.e., kinematically constraining a rigid body by stationary
contacts) or force closure (i.e., securing objects by frictional contacts).
However, non-grasping (non-prehensile) manipulation is another way
of moving objects without the requiring a secure grasp, by instead
applying forces to push, impacts to kick, or relying on another (non-
grasping) type of attachment mechanism to the object such as hooks/
trays (Ruggiero et al., 2018). Performing manipulation tasks with a
legged platform also increases the potential vibrations transmitted to the
manipulator, which may need to be corrected/accounted for to
maintain continuous and secure contact with the object (Ferrolho
et al., 2022).

The third and final requirement is related to the feedback effects
between the locomotor and manipulator, with the aim to minimize
the effects that the manipulator can have on the robot’s stability that
can affect manipulation accuracy. In manufacturing, industrial arms
are usually installed on a fixed base so that end-effectors’ positions
and rotation angles can be easily and accurately calculated by
Denavit Hartenberg transformation (Corke, 2007) or Product of
Exponentials (Chen et al., 2018). For mobile manipulation,
manipulators have been installed on wheeled platforms for pick-
and-place tasks; but there, relatively precise kinematic and dynamic
models still exist, which can even take into account slip (Liu and Liu,
2009). Although legged robots can generate precise gait patterns
without payload, increasing the mass carried by the robot can
dramatically decreases locomotion/stability accuracy and
reliability. While elasticity (i.e., compliance) in the robot’s legs
may enables smoother suspension of loads, these can also further
decrease control/motion accuracy (Nishihama et al., 2003). In

addition, granular media, like sand or pebbles, are often found in
natural terrains and are hard to model due to their complexity and
stochastic nature (Nagabandi et al., 2018). Keeping the robot’s body
stable on these surfaces is thus even more challenging, because
ground penetration varies based on the weight supported by each
leg, which changes as objects are moved/lifted/dropped or gait cycles
modified. More generally, we note that legged manipulation systems
are typically hybrid, underactuated, and non-linear, making the
development of controllers for legged-base manipulators complex,
especially in the presence of additional manipulation appendages
(manipulating with non-locomotive arms) (Sleiman et al., 2021).
Potential solutions can involve continuous feedback to correct
relative motion errors, coordinate between locomotor and
manipulator to improve the overall accuracy (i.e., whole-body
control), as well as adaptive controllers that learn and improve
over time.

3 Types of manipulation

In this section, we discuss each of the four main categories of
legged robot manipulation. For each category, we bring up the
fundamental methodology, system design, and control strategy of
existing works, as well as the pros and cons of each strategy. All cited
papers that were validated with physical robots are also summarized
in Figure 1. We further summarize the carrying capacity and control
strategy of the different manipulation methods discussed in this
section in Figure 2; Supplementary Appendix Table SA3, respectively.

3.1 Object interactions without grasping

3.1.1 Locomoting into an object: Pushing
Conceptually, pushing an object is one of the simplest methods

for a legged robot to manipulate its environment. Here, we define
pushing as walking such that the robot’s body contacts an object
imparting some horizontal force, such that the object slides along the
ground. Any mobile robot can move an object by locomoting into it,
provided it can impart enough pushing force. To successfully move
an object, the pushing force must exceed the resistance force, which
can be approximated with Coulomb friction on flat surfaces:

Fpush ≥ μW, (1)

where Fpush is the force applied by the robot, μ is the coefficient of
friction, and W is the weight of the object to be moved.

However, the effect of the pushing force on the object depends
on the location of the pushing force, the object’s weight
distribution, and shape, as well as its contact(s) with the
ground. Robots can easily (and inadvertently) push over objects
(Inoue et al., 2010), navigating an obstacle course of tall thin
objects without pushing them over is an effective demonstration of
agility. To push while avoiding knocking over the object, the
moment caused by the pushing force must be less than the
moment of the object’s weight about the tipping edge.
Specifically, for a rigid object,

Fpushh≤WxCoM, (2)
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where h is the height of the point of application of force, and xCoM is
the horizontal distance of the object’s center of mass from the
tipping edge. Thus, a pushing strategy is most likely to be effective in
moving relatively light and wide objects on flat smooth surfaces
rather than heavy and tall objects on rough terrains.

The mechanics of pushing helps inform the hardware design of
robots for these environments. Because of Newton’s third law, equal
and opposite reaction forces will also be applied to the robot during
pushing that can cause the robot to similarly slip or tip, which means
the configuration of the robot is similarly constrained. As a result,
pushing robots tend to be relatively heavy, wide-based, and
powerful. In addition, broad contact surfaces may reduce the
precision of the contact calculations, but can help provide evenly

distributed forces. These design concepts are evident in robot
snowplows (Klein et al., 2016); their wide blades provide an even
force distribution and extra weight is added to generate higher
traction forces. However, wheeled robots are limited to flat terrains.
The additional degrees of freedom offered by legged robots can
enable locomotion over a larger variety of structured and
unstructured challenging environments. A robot might climb into
a truck, climb up stairs, walk over rugged terrain, or walk behind an
object to begin pushing.

A second advantage of pushing with robotic legs is that the legs
typically have more strength and provide more range of motion than
the upper appendages alone. The loading capacity of arms is
enhanced by actuating the whole body. By erasing the boundary

FIGURE 1
Our work categorizes legged platforms for object manipulation into four main groups based on grasp type: Object interactions without grasping,
manipulation with the walking legs, dedicated non-locomotive arms, and legged teams. Sixty-one papers have been validated with physical robots. As an
overview, this pie chart shows that the number of publications is roughly evenly divided between these types.

FIGURE 2
Carrying capacity of different manipulation methods (maximum object size vs. maximum robot size). The data points plotted are listed in
Supplementary Appendix Table SA2. If the point is above the reference line (object size is equal to robot size), the robot can manipulate an object larger
than itself. This data was obtained through literature sources. For cases when this was not explicitly provided, we approximated the object size from the
published figures or approximated their volume using the density of water. Robot size is determined by the maximum dimensions.
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between walking and working spaces, the overall workspace is
expanded in both size and dimension. As a result, the forces
applied to the object can be much higher and the load on the
actuators is better distributed. In Inoue et al. (2002) and Yoshida
et al. (2001), a humanoid robot changes its body’s configuration by
adjusting its posture and changing its footholds. There, an objective
function based on the manipulability [which essentially measures
how easily the robot can instantaneously move in any direction, as
defined in Lynch and Park (2017)] of both its arms is maximized,
making it more dexterous. Yoshida et al. (2002) uses a similar
approach to optimize the robot’s body posture to uniformly
distribute load across the robot’s actuators, comparable to proper
lifting techniques for humans. This also applies to pushing as well to
other scenarios that use dedicated non-locomotive arms as discussed
in Section 3.3.

Multi-legged robots can lean on and rest some of their legs on an
object to push it more stably with their remaining legs. For example,
Inoue et al. (2010) utilizes a hexapod robot, which leans against a
large block while holding it with two legs to push it along the floor.
Leaning while holding establishes three points of contact between
the robot and the object, equivalent to secure force closure, as
discussed in Section 3.2.2. Furthermore, leaning provides stability
to the robot due to the wider resulting base of support. Finally,
leaning puts some of the robot’s weight onto the pushed object,
increasing and stabilizing the available contact force. Since the robot
is supported by the object, the remaining four legs can work in pairs
to provide bilateral symmetric pushing forces (i.e., the middle left
and right legs push together while the back left and right legs swing
and vice versa). These gaits can be optimized for more stable
pushing, bypassing much of the complicated friction modelling.
With more complex modeling, the leg could even specifically brace
against particular footholds to exploit higher effective coefficients of
friction.

In cases where the robot makes and breaks contact with the
object, model-based control has been often used for its inherent
robustness and safety guarantees. Unlike simple open-loop cases,
where the robot is assumed to remain rigidly fixed to the object,
closed-loop pushing addresses the complex contact dynamics
incorporating friction between the robot and the object. Most
existing approaches to this problem as well as other examples of
non-prehensile manipulation with legged robots, like kicking, rely
on model-based and model-free hierarchical approaches. These
employ optimization methods such as Model Predictive Control
(MPC) or Reinforcement Learning (RL), often using a high-level
planner on top of a low-level controller. For example, Rigo et al.
(2022) aims to minimize tracking error when tasking a quadruped
robot by pushing a large box using its body along a given trajectory
on the floor. Similarly; Sombolestan and Nguyen (2022) considers a
quadruped robot tasked with pushing a large and heavy box (up to
60% of the robot’s weight) up a slope with no knowledge of the
object’s mass, coefficient of friction, or slope of the terrain. In both of
these methods, separate mode sequences are established for
frictional contact, while a real-time controller is used to connect
these contact modes into a feasible plan. This is done through two
cascading MPCs where the high-level manipulation MPC optimizes
contact forces and location while the low-level “loco-manipulation”
MPC regulates interaction forces between the robot and the object
during the locomotion task.

A fundamental limitation of pushing is that the object’s friction
with the groundmust be overcome. One way effective friction can be
reduced is if the object can be rolled. The dung beetle robot can use
two front legs to walk backward on different terrains while using the
middle and hind legs to stabilize and manipulate a large ball (Leung
et al., 2018; 2020; Thor et al., 2018; Billeschou et al., 2020). Although
only validated in simulation, an interesting example is the dual
MPC-based approach described in Yang C. et al. (2020b), where a
quadruped robot stands on top of a large ball and rolls it to transport
itself and the ball. The other way to avoid losing energy and
momentum to friction is to lift the object, as discussed in
subsequent sections.

3.1.2 Imparting an impulse: Kicking
Kicking imparts a quick impulse rather than a sustained force on

the object. In other words, some of the robot’s momentum is
imparted to the object during their (usually brief) contact. This is
typically treated differently since there is no attempt to maintain or
continually reestablish contact with the object. The object to be
manipulated is ideally lightweight to facilitate projectile motion,
elastically deformable to minimize any damage due to large
impulses, and round to facilitate rolling as well as mitigate any
aerodynamic, structural, or contact considerations due to shape.
This is why balls made of flexible materials are well-suited and the
most common candidates.

The problem of robot kicking using legs has broadly been tackled
using two distinct approaches. The first is to develop a robot that can
kick a ball a certain large distance accurately while the robot itself
remains stationary. This approach deals with the problem of striking a
ball but ignores that of locomoting and maintaining stability while
kicking. Rober (2021) demonstrated a stationary kicking robot using
springs that could kick an American football up to 64 m without
breaking itself. However, the speed and point-of-contact during
kicking were not precise resulting in a large variance in the
ballistic trajectory of the ball and hence, the landing location.
Flemmer and Flemmer (2014) constructed a similar kicking robot
powered by pneumatic cylinders with an automatic vision-based
aiming system using an onboard camera. This robot could
consistently kick a ball for an average distance of 45.6 m.
Shankhdhar et al. (2022) made a mobile kicking robot by
mounting a kicking apparatus onto a holonomic wheeled base.
Although this method allows a mobile robot to kick objects, it
may not be considered a true kicking legged robot since the
kicking “leg” is purely for striking and therefore non-locomotive.
More recent attempts go a step further and model the rigid contact
dynamics by devising model-based andmodel-free RL approaches for
stationary robots tasked with striking a hockey puck (Chebotar et al.,
2017) and playing mini golf (Muratore et al., 2021), respectively.

The second approach is to use walking robots to additionally kick/
dribble while locomoting. The most well-known proponents for this
research have been the RoboCup Leagues (Stone, 2007). The RoboCup
Leagues consist of various leagues primarily centered around robot
soccer, but also include search-and-rescue competitions using legged
robots. Robot soccer leagues are simulation or hardware competitions
divided into three classes: quadruped robots, medium-sized humanoids,
and small-sized humanoids. In the quadruped class, only Sony’s fully
autonomous robot dogs, AIBO, are allowed, while in the humanoid
class, each robot must have two legs, two arms, a head, and a trunk
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within specific restrictions on the height of the center ofmass and size of
the feet. This has inspired a large body of work based on optimizing
robot vision, robotic learning, localization, and locomotion strategies
dedicated to these well-defined problem statements. In most early
works such as Cherubini et al. (2010); Friedmann et al. (2008);
Behnke and Stückler (2008); Acosta-Calderon et al. (2008), the task
of kicking a ball into a goal is broken up into several simpler behaviours
such as approaching, controlling, and reaching, with further-
distinguished sub-behaviours such as kicking to the front or the
side, etc. (which is always carried out using their heads to control
and kick the ball). Though only validated in simulation, Jouandeau and
Hugel (2014) is one of the first attempts to improve shooting distance
using trajectory optimization, while Peng et al. (2017); da Silva et al.
(2021); Teixeira et al. (2020) developed an RL based approach to teach
humanoid robots to dribble, kick, and shoot.

Quadrupeds can also accurately kick a ball into a goal (Ji et al.,
2022). This is an example of a contact-rich task, where MPC is not
practical since the dynamics at play are difficult to model accurately
(e.g., deformable contacts with the ball). Furthermore, even if an
accurate model could be obtained, it would still be computationally
expensive and slow, thus unsuitable for such an online application.
Thus, in that work, hierarchical RL is used with a high-level
trajectory behaviors policy on top of a low-level kicking motion
control policy. The low-level control policy swings the leg quickly
while keeping the robot stable, and the high-level planning policy
approximates the contact between the robot and the ball, the rolling
friction, and the interaction of the ball with the world for sending the
ball to the goal. Multi-stage training is performed with a rigid ball in
simulation and fine-tuned with a soft ball in the real world, toward a
final demonstration on hardware.

3.1.3 Non-prehensile lifting
Finally, it is also possible to use legged robots for other types

of non-prehensile lifting, although few examples exist yet in the
literature. For example, an object and body robot could have
mating attachment points (such as a hook and an eye), which
allows the robot to lift the object off the ground and carry it
without any grasping involved. A robot waiter could have a long
flat protrusion to slide under a tray (similar to the way a forklift
carries pallets.) A robot might have an electromagnet to collect
metals from a field. For more examples, a rigorous review of non-
prehensile manipulation and manipulation primitives is
provided in Ruggiero et al. (2018) and applied to a wheeled
robot in Bertoncelli et al. (2020). The legs of the platform must
be able to support the additional weight of the object or objects.
If the center of mass of the robot changes, walking gaits may need to
be adapted. Legged platforms will induce more oscillation than
wheeled robots, which may require them to choose slower speeds
or more secure attachments, such as those offered by the grasping
approaches described in the next sections.

3.2 Manipulation with walking legs

In robot designs where legs have many degrees of freedom for
locomotion, these same degrees of freedom can also be suitable for
directly grasping and manipulating objects. We classified
manipulation with walking legs into three categories based on the
number of legs used (Figure 3): Grasping with a single leg, multi-
legged grasping (usually two), and whole-body grasping, in which no
legs are reserved for walking on the ground.

FIGURE 3
Main classes of grasping with walking legs (left to right): (A) grasping with a single leg (Heppner et al., 2015), (B) grasping with two legs (Booysen and
Reiner, 2015), and (C) grasping using all legs/whole body (Gong et al., 2022). Image by and courtesy of Yixian Qiu.
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We analyze the relationship between the size of the manipulated
object (relative to the robot) and the manipulation challenges/
limitations of these three methods of manipulation. The required
coefficient of contact friction μ represents the manipulation
difficulty. For a given value of μ, each manipulation method has
a different maximum grasp size to ensure force closure. We derive
these limits for each manipulation method by assuming the object to
be a sphere for generality, thin legs for simplicity, and non-
backdrivable actuators with no torque limits as this analysis is
limited to spatial considerations for the design parameters of the
robot. The object radius is r, the fully extended leg length is l, the
distance between the shoulders of two legs (width) is s, and the
pincer length is lp. The dimensions of our models are based on
LAURON V (Roennau et al., 2014): l = 2 s = 4 lp while the grippers
are assumed to be scissor-like pincers. By forming geometric models
based on Coulomb friction, we obtain the following constraints for
force-closure.

3.2.1 Grasping with a single leg
For grasping with a single leg, the robot’s gripper design is

heavily dependent on the design of its legs (Figure 4). Heppner et al.
(2015) presented a bio-inspired hexapod, LAURON V, which
includes a lightweight gripper on one front leg that can be
retracted actively when needed (e.g., during locomotion on rough
terrain). This gripper-to-leg design (Figure 4A) is necessary for the
robot to protect the gripper from directly supporting the robot’s
heavy body. By shifting its CoM backward, LAURON V can stand
on its four hind legs, leaving the two front legs free for manipulation.
To prevent stability loss when the robot walks with a grasped object,
LAURONV stores the object on its back so that the front legs can be
freed to support and push the body forward during locomotion.
Similarly, Kim and Jun (2014) developed a hexapod for underwater
locomotion featuring two front grippers which can be concealed
inside the robot’s shins during walking (Figure 4B). Compared with
LAURON V, these grippers each possess three DoFs but are limited
in size by the shins they are retracted into. Irawan et al. (2016)
designed a scissor-like gripper-to-leg for the hexapod Hexaquad,
that two scissor tips can be directly converted into leg mode by
closing tips together or into gripper mode by splitting them
(Figure 4C). While many legged robots only use front legs for
manipulation, Hexaquad expands the workspace since all legs are

gripper-to-legs that can be transformed to be grippers whenever
needed. In other words, Hexaquad does not need to turn around to
grab an object that is behind it. To ensure a large support polygon for
both front leg and back leg manipulation, the base joints of the
middle legs are capable of moving back and forth. For certain
applications, designing grippers as interchangeable tools can be
essential for improving versatility (Figure 4D). The quadruped
TITAN-IX can store tools (including grippers) on its back and
then equip them on its end-effectors for demining tasks (Hirose
et al., 2005). When retrieving an object, one leg works as a
manipulator, and the other three legs keep the body stable.
Developing methods for controlling such manipulators is a
notable challenge, especially when performing such contact-rich
tasks. TITAN-IX implements a human-robot interface for
cooperative manipulation using a Leader-Follower Manipulator:
As a human operator controls a master gripper through haptic
feedback, the robotic gripper tracks the operator’s motion.

For grasping with a single leg (Figures 3A, 5A), two pincers grip
the object with the friction generated due to pressing against it. The
friction force component acting towards the gripper must be greater
than the normal force component squeezing the object away,
i.e., μN cos(θ) > N sin(θ), or μ > tan(θ). Here θ is half of the
angle subtended by the pincers. Therefore:

μ> r

lp
� 4 · r

l
(3)

where pincer length lp can be expressed as lp � l
4.

3.2.2 Multi-legged grasping
Multiple legs working together can lift larger objects better than

a single gripper can, owing to a larger grasp and distributed load.
Gong et al. (2023) used two legs on the same side of a 12-DOF
hexapod to grasp a simulated munition buried in the sand. However,
as more legs are involved in manipulation, fewer are available for
locomotion. This proposes a unique challenge to walking while
grasping, necessitating research on generating and transitioning to
gaits with fewer legs. In Whitman et al. (2017) a hexapod with
pincers on its front legs is used for both single-legged and double-
legged grasping and transporting of objects. They demonstrated
fluent gait transitions while simultaneously walking and lifting up a
can of WD40 with one leg, a tall box with its front two legs, or a long

FIGURE 4
Designs of individual legmanipulators: (A)Heppner et al. (2015), (B) Kim and Jun (2014), (C) Irawan et al. (2016), (D)Hirose et al. (2005). While the first
three designs illustrate integrated gripper-to-leg designs, the last design features grippers as modular tools.
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box below its body with its middle two legs. Similarly, Tsvetkov and
Ramamoorthy (2022) proposed a small-scale quadruped robot with
leg-mounted manipulators used for both single- and double-legged
grasping. Shaw and Sartoretti (2022) presented rapid online gait
transitions for a hexapod robot from an alternating tripod gait with
six legs, to a quadrupedal walking gait with four hind legs, using the
front two legs for manipulation. When multiple legs are used
together for manipulation, the same end-effector designs that
make for predictable contact on the ground (soft, durable,
rounded shapes) also ensure good object contact—thus the end-
effector does not warrant modification.

However, in order to walk while holding large objects, stance
stability adjustments are crucial to prevent excessive pitch of the
robots. For instance, if a robot picks up a heavy enough object,
resulting in a significant shift in its center of mass position, it is
important to prevent the robot from toppling over. This problem
was first demonstrated in 1997 when Koyachi et al. (1997) presented
two hexapod prototypes, Melmantis-1 and Melmantis-2, based on
their previous work on six-link “Limb Mechanisms” to both walk
and manipulate (Koyachi et al., 1993). Later, in 2002, they remotely
controlledMelmantis-1 to handle an object using its two front limbs.
There, to maintain balance while raising two legs, the other four legs
transformed into a side-by-side symmetric quadruped, expanding
the robot’s support polygon (Koyachi et al., 2002). Similarly,
Booysen and Reiner (2015) proposed gait transition methods
during grasping for a hexapod. Besides shifting the robot’s CoM
and expanding its support polygon while lifting an object, they
introduced an automatic pitch correction method while walking. If
the robot was at risk of toppling, it would stop, lean back (raising the
front legs and lowering the hind legs), retract its gripper, or even
drop the item if the average pitch angle surpassed a given safety
limit. This helped the robot prioritize recovering its own balance
first, before grasping the object again and attempting to continue its
locomotion. More recent works have focused on removing the need
for hexapods to even stop walking when recovering their balance.
Deng et al. (2018) proposed a method to automatically adjust the
robot’s gait when lifting heavier objects with two legs or smaller
objects with a single leg. They estimated the object’s mass by sensor
feedback (embedded in the end-effector) and then calculated joint
motions according to the desired CoM trajectory. Considering
energy efficiency in manipulation, Ding and Yang (2016)
optimized the energy used against stability constraints.

Compared with front-leg manipulation, using two opposing
middle legs for grasping can ensure a larger support polygon.
Takahashi et al. (2000) designed a hexapod with omnidirectional
manipulability and mobility. Unlike most hexapods with
longitudinally symmetrical left and right legs, their design
incorporated six radially symmetrical legs on a hexagonal body,
minimizing the overlap between the workspaces of individual legs.
Using a set of these radially opposite legs for lifting, stability during
walking was greatly improved. Whitman et al. (2017) also observed
that the volume of the object that their hexapod could carry using
the front/middle two legs was ten times larger than what it could
carry with a single leg. Further, given the modular nature of their
hexapod, two of them could be attached together by the body,
creating a larger dodecapod capable of using more legs for carrying
larger payloads underneath the robot.

This is analyzed with an extension to the single leg case. When
the object is larger than the limit of the pincers, the robot can grab
the object using two front legs, being fully extended for maximum
grasp size, i.e., double-legged grasping (Figures 3B, 5B). If the
diameter of the object is smaller than the width, i.e., r ≤ 0.5 s,
the front legs can always secure the object even with a small μ.
Otherwise, if r > 0.5 s, like the single-leg case it must be ensured that
μ > tan(θ) where θ is half the angle subtended by the front legs
(Figure 5B). It follows that:

μ> r

l + s
2 sin θ( )

� 1
1 + 1

4 sin θ( )
· r
l

(4)

where robot width s can be expressed as s � l
2 and sin(θ) can be

expressed by r
l based on geometry (shown in Supplementary

Appendix SA1). It is complex to simplify Eq. 4, however, for our
values of r

l, there is an approximately linear relationship over the
relevant range as follows:

μ> 0.89 · r
l
− 0.21 (5)

3.2.3 Whole-body grasping
For an even larger object, a quadruped or hexapod robot can

sacrifice its locomotion capabilities by using all its legs to achieve
whole-body grasping (Figures 3C, 5C). We observe that for most
effective grasping, the robot design must be radially symmetrical
(E.g., the base joints of legs must form a square for a quadruped or a

FIGURE 5
Orthogonal top views of (A) one-legged and (B) double-legged grasping. Isometric view of (C) whole-body grasping for a quadruped.
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regular hexagon for a hexapod). In this case, θ is dependent on the
distance d between the base joints and the robot’s centre. For an
n-legged robot, d can be expressed as d � s

2 · sec(α) � l
4 · sec(α)

where α � π·(n−2)
2·n .

μ> r

l + d
sin θ( )

� 1
1 + 1

4 sin θ( )· cos α( )
· r
l

(6)

where sin(θ) can be expressed by r
l from geometry (shown in

Supplementary Appendix SA1). The approximately linear
relationship for quadruped whole-body grasping is Eq. 7 and
hexapod whole-body grasping is Eq. 8.

μ> 0.85 · r
l
− 0.27 (7)

μ> 0.82 · r
l
− 0.38 (8)

Our manipulation model analysis is presented in Figure 6. We can
infer a strong correlation between our method of analysis and
experimental results in real-life examples, helping validate our
simplified model and analyses. Generally speaking, by grasping with
a single leg the robot can grasp relatively small objects, depending on the
pincer length lp. While double-legged grasping has an extended area for
bigger objects than a single leg, most robots can only manipulate small-
size objects in the double-legged grasping area since the robots usually
cannot fully extend legs for big object manipulation due to the lack of
motor torque, joint angles and the position shift of CoM. In comparison,
whole-body grasping can safely grasp objects roughly the robot’s size.
Hexapods can use all legs to grasp larger objects than quadrupeds if the
length of the legs and the width of the robot are the same.

Instead of using some of the legs to grasp an object, the whole
robot can behave as a mobile gripper that walks towards an object and
grasps it with all legs (i.e., whole-body grasping). A legged robot will
not be able to continue walking with the large object after grasping it
with all of its legs, but it can still be transported externally, e.g., via a
cable from a boat, crane, or flying platform (Figure 7). One of the key

advantages there is that, unlike a typical crane end-effector, the robot
can walk on the ground to systematically search for the object, and/or
reach areas occluded from the crane by overhangs or ledges. The
tether can then be used to recover both the object and robot, after the
robot has securely grasped it with all legs. In this case, the need for
walking ends when the object is found, which simplifies the problem
of lifting the found object and thus enables the potential for a relatively
smaller robot to transport a relatively larger object. Besides walking
and grasping, climbing is another main challenge for whole-body
manipulation since the robot must often climb over thean object to
then grasp it. Notably, Gong et al. (2022) designed a four-DoF walking
robot by adding coxa joints on a seven-link Klann mechanism, which
is able to climb onto a rectangular box and then grasp it using all legs.
While two (drive) DOFs are responsible for generating periodic gait
patterns (Figure 7A), the other two (lift) DoFs are used to raise the
front legs separately and climb onto the object (Figure 7B) and then
securely press its legs inward onto it (Figure 7C, generating sufficient
friction for a secure grasp. Both the robot and the object can be
manually retracted by a tether (Figure 7D).

Given the growing popularity of legged quadrupeds with the
team Cerberus from ETH-Zurich winning DARPA’s Subterranean
Challenge in 2021, as well as the increasing availability of
commercial quadruped dog-scale robots like Spot mini, Ghost,
ANYmal, and others, manipulation with walking legs is a
promising direction. Even legs may at times be less reliable and
precise than industrial manipulators, legged robots can still carry a
variety of objects in many relevant scenarios, without requiring an
additional expensive manipulator appendages.

3.3 Dedicated non-locomotive arms

More sophisticated tasks may require dexterous end-effectors
that are more delicate and multi-functional than legs. In this section,
we discuss systems in which a dedicated arm was added to a legged

FIGURE 6
The manipulation model analysis depicts the required friction coefficient μ vs. object size normalized against robot leg length r/l. The data points
plotted are listed in Supplementary Appendix Table SA1 When not provided in literature, respective friction coefficients are approximated depending on
thematerial of themanipulator surface: Formetal μ is 0.35 (EngineeringToolBox, 2004) (static coefficient between steel and polystyrene is 0.3–0.35); and
for plastic μ is 0.5 (EngineeringToolBox, 2004) (static coefficient between polystyrene and polystyrene is 0.5).
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robot that is different from the walking legs. Because they are not
used for locomotion, these dedicated appendages can be specialized
for fine sensing, grasping, and manipulation, or can be designed to
lift heavier objects. However, equipping a legged robot with a
dedicated arm will also present some challenges (e.g., stability,
and cooperation between arms and legs) as discussed in the
following paragraphs.

Here, we will reserve the term “legs” for appendages that are
meant to carry a significant portion of the body’s weight during
locomotion, and non-locomoting appendages as “arms”. Sometimes
these robots have a giraffe-like body plan with a sensorized arm on
top for high reach, however, they also include bipeds
(Maniatopoulos et al., 2016), centaurs (Schwarz et al., 2017),
octopuses (Mazzolai et al., 2012) and many different form
factors. Note that any brachiating robots (Lo et al., 2017) (robots
that swing like apes) would be a special case here, but to our
knowledge at this time, few, if any brachiating robots have been
demonstrated for manipulation of the environment and could rather
be categorized as adding an inverted gripper for the ground to
the legs.

Thus, arguably the most impressive robotic tasks performed by
legged robots have used an added arm. Bigdog was first
demonstrated to be capable of throwing a 16.5 kg block over
17 feet using a hydraulic manipulator, including the gripper,
installed on top of its body (Murphy et al., 2012). In 2016,
Boston Dynamics equipped the Spotmini with an electric robotic
arm. With this, Spotmini could complete everyday tasks like
opening doors or stabilizing an object in the world frame while
the robot’s base moved around, showing great cooperation between
the legs, body, and arm (BostonDynamics, 2018) (Figure 8A).

Using a legged platform for arms enables adaptations that are
not possible with wheeled robots. A legged robot with an arm can
dynamically manipulate objects on challenging terrain, including
stairs and ladders. For example, Ferrolho et al. (2020) developed a
control framework allowing ANYmal-B to complete pick-and-place
tasks on various rough terrains (Figure 8B). Ma et al. (2022) later
combined a learning-based locomotion policy with a model-based
manipulation controller to make ANYmal-C track a desired end-
effector position for its arm when trotting on challenging terrains.
Moreover, compared to wheeled platforms, legged platforms can
significantly improve the arm’s manipulation capabilities in terms of
reachability (workspace), payload capacity, and manipulation speed
since legged platforms often have more degrees of freedom resulting

in finer control of the base’s position (especially height) and
orientation. Specifically, as stated in Murphy et al. (2012), the
knees and hind legs can assist the arm during lifting and
throwing motions. Finally, legged platforms are able to change
foot positions for bracing, as discussed in Section 3.1.1.

Another advantage is that giraffe-like platforms can achieve
baseline performance with almost independent controllers for
locomotion and manipulation, and then advance to more whole
body optimization as needed. This is different from standard
mobile manipulation with a wheeled platform, where the base
platform cannot reconfigure as much during manipulation.
Zimmermann et al. (2021) combine Boston Dynamics’ Spotmini
with a light-weight robotic arm and a gripper. They propose a
straightforward trajectory optimization method based on a simple
dynamic model of the platform, where Spotmini is treated as a
black box. Experiments demonstrate that the combined platform is
capable of performing dynamic grasping tasks using a feedforward
controller. Contrary to model-based learning methods, model-free
learning methods do not incur an increase in computational cost
due to the complexity of the underlying dynamic model. Ma et al.
(2022) combine a learning-based policy for locomotion with a
model-based controller for manipulation. They train the
locomotion policy with known random wrench disturbances,
obtained from the dynamic plans of the model-based
manipulator controller. Without retraining, the combined
controller adapts to a variety of manipulator configurations. In
contrast, Yao et al. (2022) use a policy based on reinforcement
learning to discover the dynamic representation of different arms
for rapid migration, and then feed the estimated dynamic
parameters to the low-level model-based locomotion controller.
In addition to hierarchical control pipeline for legged
manipulators, Fu et al. (2022) train a unified policy for the
whole system with reinforcement learning. Their policy
demonstrates coordination between the legs and arms as well as
dynamic control over them.

Furthermore, an increasing number of works have considered
giraffe-like platform as a whole-body optimization problem.
Relying on online hierarchical optimization, ANYmal-B can
perform reactive human-robot collaboration and body posture
optimization to increase the manipulability of its onboard arm
(Bellicoso et al., 2019). More recently, Ewen et al. (2021)
improved their work from immutable contact force to online
optimized force trajectory to ensure dynamic feasibility and

FIGURE 7
Tethered to a boat, crane, or flying platform, the Klann robot presented in Gong et al. (2022) can (A)walk to the object, (B) climb the object (C) grasp
the object, and (D) be pulled by the tether while grasping the object.
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stability of the platform while Sleiman et al. (2021) presented the
first holistic MPC framework combining dynamic locomotion
and manipulation for ANYmal-C. Chiu et al. (2022) extended the
whole-body MPC controller to generate collision-free motions
during the coordination of locomotion and manipulation.
Morlando et al. (2022) proposed a whole body controller to
transport a non-prehensile object with a giraffe-like platform.

An onboard arm can be specialized to reach a large volume
around the robot, which the legs could not easily reach without
drastic morphological changes to the robot. In other words, if the
arm is mounted on the top of the body and can rotate fully around a
vertical axis, its actual workspace can approach a sphere and
completely encompass the body of the robot. Therefore, a
specialized arm can be used to tackle complex real-world tasks
such as rotating a handwheel, handling articulated objects, and
unlatching a door. (Sleiman et al., 2021; Ferrolho et al., 2022; Mittal
et al., 2022), which would be much harder to approach using
locomotive legs. In addition, an onboard arm can reach the legs
themselves, which may prove useful if the legs need to be repaired or
untangled.

However, because the legs and body occlude the arm’s
workspace, the arm’s footprint on the ground may be smaller
than that of the combined legs. Thus, if the goal is primarily to
manipulate objects on the floor, legs may be better suited (Heppner
et al., 2015). Furthermore, the statically stable workspace of the
arm may be a smaller subset of the kinematic workspace. In other
words, if a long arm is heavy or holding a heavy object, the
configuration of the legs will be crucial in preventing the robot
from tipping over. For example, the HyQ robot is equipped with a
hydraulic manipulator (HyArm (Rehman et al., 2016)) at the
front-middle of the body. The HyArm weighs 12.5 kg and is

capable of carrying up to 10 kg of payload. The arm placement
dramatically shifts the robot’s CoM and affects its balance.
Rehman et al. (2016) proposed a new control framework
through optimizing the Ground Reaction Forces (GRFs) of a
quadruped and compensating for external/internal disturbances
induced by the manipulator. The integrated payload estimator
module is utilized to estimate an unknown payload carried by the
arm, in order to update the robot’s center of mass (CoM) position
and control its stability.

Towards even more human-like behavior, some robots,
specifically bipeds and centaurs, have two onboard arms.
Different from the double-legged grasping discussed in Section
3.2.2, dedicated dual-arm setups have more degrees of freedom
and more flexible end effectors. Dual arms have the advantage of
being able to directly mimic human motions, either repetitive
motions or human tele-operated motions (Kim et al., 1999; Kulić
et al., 2012; Zuher and Romero, 2012; Gams et al., 2022; Zhou et al.,
2022). In addition, dual arms can work together for large object
manipulation Gams et al. (2015) (Figure 8C) and hand-to-hand
manipulation Vahrenkamp et al. (2009). However, as a result of their
hefty upper body, centaurs may experience instability when
manipulating larger objects. Polverini et al. (2020) presents a
control architecture for pushing a heavy object by optimizing the
contact force with the environment (Figure 8D). For additional
information on manipulation with bipeds and centaurs, we refer the
reader to Gams et al. (2022), which studies humanoid robot learning
for manipulation capabilities, and Rehman et al. (2018), which
provides an overview of centaur-style robots with dual arm
manipulator systems. Another way of tackling the stability
problem for very large objects is to have multiple robots working
together, as described in the next section.

FIGURE 8
Legged robots equipped with dedicated non-locomotive arms can perform various useful tasks, such as (A) opening doors (Spot BostonDynamics,
2018), (B) manipulation on structured terrain (ANYmal Ferrolho et al. (2020)), and (C) lifting [CB-i Gams et al. (2015)] or (D) pushing large objects
[CENTAURO Polverini et al. (2020)].
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3.4 Legged teams for manipulation

A team of legged robots may work together to manipulate
objects that are too large, heavy, or awkwardly shaped for a
single robot. Although the work discussed in previous sections
has shown that individual robots can manipulate a wide variety
of objects in diverse applications, there are some key restrictions in
their abilities due to gripper size, ground support based on body/leg
dimensions, and actuator torque limits (Figure 2). On the other
hand, a team of robots can bring additional support/grasping points
to securely hold a large object, as well as distribute the object weight
among team members to increase the total manageable payload
capacity and/or size (Hara et al., 1999; Hamed et al., 2019; Chang
and Tao, 2022). Furthermore, even in cases where a single robot is
capable of manipulating an object, the object can be cooperatively
relayed from one robot to the next, thereby expanding the overall
range and speed of the operation. For example, Hu and Gu (2001)
leveraged this principle by using robots to pass a football
(Figure 9A). More generally, collaboration is especially useful in
cases where multiple general purpose robots are available rather
than a large, special-purpose robot.

One way that legged robots can collaboratively manipulate a
large and/or heavy object is by lifting and then carrying it together.
The team of robots must first move to designated locations around
the object, after which they can perform coordinated motions for
lifting. Chang and Tao (2022) proposed to detect the object using a
vision system that recognizes specific markers on the object to
determine its location, after which a team of legged robots can
move towards it until they reach appropriate collaborative lifting
positions. In this case, the robots used a sideways gait to move, which
was synchronized using a fuzzy motion control algorithm that
selects the appropriate repeat cycles for the fast and slow pre-
planned gaits to cooperatively transport the object toward the
destination. This is similar to how humans adjust their posture

to avoid injury when lifting/carrying objects together. It is essential
for lifting robots to receive feedback about the orientation of the
object, which ensures that they do not apply any unwanted
redundant forces onto it. To this end, Hara et al. (1999)
implemented coordinated lifting while introducing a leader-
follower system using two TITAN VIII quadruped robots
(Figure 9B). There, the leader was tasked with maintaining a
course to a given destination, while the follower(s) adjusted their
own path based on feedback of the object’s relative position without
explicit communications with the leader. Instead of correcting the
follower’s positions based on the state of the object, Inoue et al.
(2003) proposed another approach on a small team of HOAP-1
humanoid robots, where only the follower robot(s) corrected their
position relative to the leader, which still mainly maintained a path
towards the goal. Hawley and Suleiman (2019a) used NAO
humanoid robots to demonstrate robot-object-robot constraints
(i.e., relative safe distances between robots and object) during
cooperative manipulation using a Zero Moment Point controller
that maintained the dynamic stability of the system. Once the object
was lifted, the entire system (robots + object) could work together as
a large multi-legged robot, with the object behaving as its body.
McGill and Lee (2011) demonstrated a robotic system composed of
two DARwIn-OP humanoids tasked with manipulating and
transporting a stretcher system. After picking up the stretcher,
the robots walked together as a “virtual quadruped” with careful
synchronization between their legs. This synchronization relied on a
two-stage motion controller, which consisted of a step controller and
a walking controller to harmonize the movement of the robots. In
particular, the walking controller guided the legs’ lifting motions by
generating foot and torso trajectories and maintaining the robots’
and the object’s stability.

As objects get larger, it can become difficult for robots to lift or carry
them on their backs: instead, an easier approach relies on dragging an
object along the ground (assuming it is flat enough to do so, and the

FIGURE 9
Main classes ofmulti-Robotmanipulationworks to date: (A) soccer playing (Hu andGu, 2001), (B) carrying (Hara et al., 1999), (C) towing (Christensen
et al., 2016), (D) pushing (Mataric et al., 1995), (E) lifting (Fujita and Kimura, 1998), and (F) heterogeneous robot teams (Govindaraj et al., 2021). Image by
and courtesy of Yixian Qiu.
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object can be dragged safely). A team of legged robots can tow such
objects by attaching them to their bodies using wires, cables, or rigid
rods, similar to how horses pull a wagon or mules a plow.
BostonDynamics (2019) famously demonstrated how 10 Spot robots
can tow a truck on a shallow uphill slope (approximately 1 degree of
inclination). In general, the towing performance and efficiency of a
legged robot team depend on a variety of factors such as team size,
locomotion gait, and surface interactions. For example, a walking gait
generates a relatively constant pulling force as compared to a running
gait. That is, walking is a smooth gait in which at least a few legs are
always in contact with and pushing/pulling against the ground, while
running is an impulsive gait that generates pulling forces in bursts as the
legs hit the ground. Christensen et al. (2016) studied and compared the
towing performance of walking and running teams of hexapods
(Figure 9C). Overall, they showed that walking robots have a better
load sharing ability than running robots. As the number of robots
increases, their results show that walking robots also outperform
running ones in terms of peak pulling force. Similar to robot-
ground interactions, robot-robot interactions also affect towing
performance. The physical interactions between robots, which
depend on the type of object connection used, can be classified into
hard (e.g., rigid rods), soft (e.g., deformable objects), and hybrid (e.g.,
wires, cables), and naturally affect the complexity of the underlying
system dynamics and the control problem. The object can be connected
to the robots at single ormultiple attachment points, wheremore points
offer the system greater controllability during manipulation. Unlike
rigid rods, cables can allow the system to change its effective dimensions
(footprint). For instance, if the team has to transport a cable-towed
object from one place to another in a cluttered environment, it may
need to avoid obstacles and travel through narrow spaces. Due to their
agile nature, legged robots can quickly reorient and reposition
themselves to change the effective footprint of the overall system by
letting the cables switch between taut and slack (e.g., approach the object
when needed to reduce the effective footprint of the overall convoy).
Using this feature of cables, Yang et al. (2022) demonstrated their
framework for the navigation and collaborativemanipulation of a cable-
towed load using a team ofMini Cheetah and two A1s through narrow,
cluttered, and diagonal spaces.

Communication between legged robots is another crucial aspect
duringmulti-robot cooperative manipulation. If robots cannot exchange
information, each robot can only ever rely on partial knowledge of its
local environment (and, more importantly, of other robots’ states and
strategies/intents). This often results in robots making independent/
uncoordinated decisions, leading to worse collaboration. Mataric et al.
(1995) evaluated the performance of a team of two hexapod robots in a
box-pushing task with and without cooperative communication
(Figure 9D). Experiments demonstrated that the team cannot
complete the task at all in the absence of communications. In
contrast, by communicating with each other (here, sharing sensor
data), transient faults of one of the robots can be largely
compensated for by the other, building a form of resilience in the
system.However, communications among robots are typically expensive
in practice, and limitations usually arise on bandwidth and range in
practice. In order to improve communication efficiency, it is critical to
share only the most pertinent information, and to limit communication
to times where new/update information needs to be propagated among
agents. For example, Fujita and Kimura (1998) proposed a framework
for event-driven control that can initiate communication only when the

task enters a problematic state, significantly improving the execution
time of a two-hexapod box-lifting task (Figure 9E). In addition,
cooperative communication can allow robots to select and enact
distinct synergistic roles, and thus contribute to a specific task to the
best of their (potentially heterogeneous) abilities. Hu and Gu (2001)
proposed an approach that relies on explicit and implicit communication
allowing a team of Sony AIBO robots to play different roles in a football
competition, including kicking, dribbling, passing the ball, intercepting,
and scoring. There, in order to optimize the performance of the team,
robots are able to dynamically swap roles during the game based on the
situation at hand.

Finally, teams of heterogeneous robots can take advantage of
different of synergistic motion or manipulation capabilities (e.g.,
legged, wheeled, and flying robots, with dedicated arms or using
their legs/body for manipulation). Benefiting from complementary
capabilities of individual robots, system efficiency and robustness can
be increased by autonomy, parallelization, and functional redundancy.
In particular, heterogeneous teams that include legged robots have been
proposed for different aspects of planetary exploration missions.
Govindaraj et al. (2021) presented a multi-robot system consisting of
a rover and a hexapod robot with a movable gantry for load
manipulation and 3D printing towards the construction of lunar
infrastructure (Figure 9F). They demonstrate the system’s cooperative
manipulation and transport capabilities by transporting two objects to
different locations simultaneously using Mantis and Veles robots. In
addition, and combining the specific stability and speed advantages of
wheels and legs over different types of terrains, Cordes et al. (2011, 2012)
proposed the use of a wheeled rover to transport a legged robot for
enhanced extra-terrestrial mobility in craters exploration. Then, using
specialized grippers on its front legs, the legged robot can climb down
the crater to collect geological samples. Kiener andVon Stryk (2007) also
proposed a method that enables a humanoid robot mounted on a
wheeled robot to track a soccer ball and kick it into a goal. The entire
process is broken down into subtasks that are assigned to the individual
robots by underlying finite state machines. A similar approach was used
to command a collection of humanoid robots to clean a table by picking
up cans and dropping them into a trash box in Lim et al. (2008).

4 Open avenues for research

4.1 Specific challenges in legged robot
manipulation

The current progress of legged robot manipulation poses
many theoretical and experimental challenges to be overcome
to make robots more efficient and effective. In this section, we
highlight and summarize three key challenges that are common
to multiple types of legged robot manipulation in the open
avenue: utilizing multi-functional appendages, exploiting
challenging terrain, and learning-based control for legged
manipulation. By providing a detailed discussion of these
challenges, we believe that these challenges can be interesting
opportunities for new research.

4.1.1 Utilizing multi-functional appendages
A robot that can easily adapt its appendages for use as both legs

and arms can make better use of all available degrees of freedom in
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any unpredictable field scenario. However, finding the best body
configuration for a particular application remains an open
question, where we cannot solely rely on biological inspiration.
For example, while many biological quadrupeds have specialized
front limbs for a variety of tasks (swimming, digging, grasping,
etc.), adding a fifth limb seems a more difficult task for evolution
than it does for robot designers. A variety of possibilities can result
from such an adaptation, including improved stability and
strength, recovering from limb failure, and better dexterity.
Therefore, a comprehensive understanding of how weight,
power consumption, and redundancy affect multi-functionality
in robots can help inform such designs.

New design principles and strategies will be key in developing
such multi-functional limbs. As legs, they must be robust enough
to support a heavy body and resist repeated impacts with hard
substrates during locomotion. Since legged robots are often
envisioned to replace wheeled robots in unstructured outdoor
environments, their legs should also survive dirt and water
ingress. As arms or manipulators, they must be capable of
dexterous manipulation. To achieve this, haptic feedback and/
or refined dexterous grippers can be employed. Additionally, this
also aids in locomotion as haptic sensing provides information as
to the robot’s interaction with the environment (e.g., ground
reaction force). However, operating such delicate sensors and
grippers in these load-bearing applications remains an open
challenge. While current research on walking legs still uses
simple grippers without sensor feedback (as discussed in
Section 3.2), robust multi-functional appendages will most
likely pave the way to a myriad of exciting research and
applications, and will create new opportunities for materials
research, mechanical design, as well as for advanced data
filtering and processing.

4.1.2 Exploiting challenging terrain
Legged robots can be especially valuable in hazardous or

unstable environments that are unsuitable for humans, such as
search and rescue tasks in disaster relief scenarios, remote sample
collection, or habitat construction for space exploration missions.
While legged robots exhibit impressive mobility on unstructured
and/or inclined terrain, even up to vertical climbing (Hong et al.,
2022), manipulation in these environments requires special
considerations. If the terrain is inclined, soft or granular, ground
reaction forces may cause slippage or sinkage during critical
manipulation tasks. Sub-surface support may be insufficient,
causing the robot to trip or stumble. While some works have
focused on mitigating these perturbations during locomotion in a
reactive manner (Sartoretti et al., 2018), the effect of such
challenging terrain on manipulation abilities has been considered
less often to date.

Terrain models will likely be important. While stabilizing the
manipulator using reactive control may improve performance by
incorporating appropriate terrain/interaction models into a control
framework (e.g., Model Predictive Control), a robot could predict
how the terrain will be modified during the manipulation. This will
enable the legs to choose configurations, footholds, and timing to
maximize success. Planning further ahead, it may be possible to
circumvent any issues in advance, leading to improved and more
reliable performances during challenging manipulation tasks.

4.1.3 Learning-based control for legged
manipulation

Even for pure locomotion, model-based control methods for online
planning are burdened by expensive computational costs from the high
number of degrees of freedom. To learnmore about the control method
involved in model-based approaches for legged manipulation, we
suggest referring to the survey Chai et al. (2022) for an up-to-date
overview. To avoid high computational costs, one of the solutions that
the locomotion community has started investigating is learning-based
control. In learning-based approaches, heavy computation is mostly
focused upon within the training phase, yielding (often time-invariant)
policies that can be used at high frequencies. However, the robustness
and generalizability of these policies are often lower, as many learning-
based methods rely on neural networks for function approximation,
which famously obfuscate what was truly learned by the system behind
a “black box.” In the long-run, these issues may be mitigated by some
clever training techniques, such as privileged or imitation learning
(Chen et al., 2020) or by provably-robust learning approaches
(Choromanski et al., 2020). In the shorter-term, many approaches
have been proposed to embed learned policies within a robust high-level
control framework to ensure the system’s safety at run-time, with
minimal effect on the overall performance and time complexity.

Learning-based methods have been used effectively and have
demonstrated promising results for pure locomotion tasks (Miki
et al., 2022), but few approaches, if any, have looked at legged
manipulation tasks. We believe that learning a high-dimensional
controller for whole-body manipulation is a key long-term objective
in this area since current model-based controllers (e.g., MPC) still
struggle with this task. In the longer-term, future research will also
investigate an end-to-end control pipeline for the entire system, where
the input to the neural network is raw sensor data (e.g., from cameras/
LiDAR, proprioceptive, inertial, and haptic sensors), and the output is the
final control output (e.g., joint angles or desired torques). Even though
such an approachwill inevitably further reduce explainability, such all-in-
one control pipelines are much easier to implement on real robots and
most likely represent the next frontier for high-performance, versatile
legged robot controllers for advanced legged manipulation tasks.

4.2 New applications for legged robot
manipulation

The combination of legged locomotion and the ability to
manipulate objects will also open up the possibility for new robotic
deployments for manipulation tasks in both industry and daily life.

4.2.1 Challenging environment applications
Combined legged locomotion and manipulation literally and

figuratively open new doors for robotic access in challenging
environments. While wheeled robots may be sufficient for many tasks
where terrains can be initially constructed or modified for wheels (e.g.,
offices orwarehouses),many applications remain out-of-reach ofwheeled
platforms (and might never be the solution). On the other hand, legged
robots can enablemanipulation tasks in awide array of environments and
conditions. For example, instead of sending humans into disaster sites
after extreme events such as nuclear disasters, earthquakes, or floods,
legged robots can be deployed to explore hazardous areas and obtain early
situation reports (Siegwart et al., 2015). Legged manipulation robots can
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further help by manipulating the environment to sanitize or secure areas
before humans can enter, through teleoperation, or eventually, through
autonomous operation.

Conversely, manipulation can help increase the reachability of
legged locomotion, by allowing the robot to modify its surrounding
to clear obstacles (Lu et al., 2020). A common impediment to the
increasing use of mobile robots is that if their pre-defined path is
blocked, the only option often is to find an alternative trajectory,
which does not always exist, making some areas unreachable. Legged
manipulation robots can move away obstacles or modify their
surrounding (e.g., move soil to create a ramp, or to reduce the
steepness of an incline) to clear/create a path, showing increased
potential for search-and-rescue, domestic cleaning, and elder care
applications. In the long run, the fundamental advantage of legged
robot manipulation will be in allowing robots to autonomously
understand their environment to navigate and manipulate their
surroundings, for the purpose of completing a high-level objective
with minimal human supervision/action.

4.2.2 Home robotic applications
In certain industrial settings (e.g., warehouses or shop floors),

the environment may be simple and flat, or could even be specifically
designed for robots. In contrast, home environments are quite
complex and constantly changing (e.g., stairs, gardens, and
grounds with many obstacles or opportunities for small
accidents), for which legged robots are naturally better suited.
We believe that home robotics will be one of the most important
future applications for legged robot manipulation (Linghan et al.,
2022) because they will be able to improve living quality, safety, and
emergency response. For example, disabled and elderly people, who
have difficulty performing basic daily activities independently, may
specifically benefit from a cheaper, on demand legged robotic home
assistant. Legged robots can help with laundry and carrying heavy
payloads (e.g., moving furniture), and can even help with other
everyday tasks such as preparing food and managing medications
for people who suffer from cognitive disorders. Finally, a legged
robot may even help a person after a home accident, such as an elder
person who has fallen down or someone experiencing a stroke, by
calling for help from a phone, bringing medical supplies, helping
them to stand back up or to reach a safe area in the house, or even by
directly performing CPR!

5 Conclusion

This review provides a broad overview of recent work in legged
robot manipulation, which can be classified into four main categories:
non-prehensile manipulation, manipulation with walking legs,
manipulation with a specialized arm, and legged team
manipulation. Each of these approaches results in different robot
designs and has different advantages. If the object to bemoved is small
or light, a dedicated non-locomotive arm or leg-mounted gripper can
be easily added to an existing robot. Larger objects can be moved if
multiple legs or multiple robots work together. Dexterity is also
important and requires both precise actuation and sensing.
Another consideration is specificity vs. generality, in which some
end effectors are useful only for a small range of objects, while other
approaches such as pushing can be implemented on any robot. With

the manipulation methods mentioned in the review, legged robots are
expected to work on various applications in tough terrains by actively
interacting with their surroundings instead of passive interaction only.
We believe legged manipulation is one of the next frontiers of robotic
research. Our hope is that this review provides helpful examples and
motivates additional research effort in all these exciting areas.
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