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ÅA quadruped robot is a type of legged and floating-base robot, 
specialized in walking on rough terrains.

Quadruped Robot Locomotion

9

[1] Nahrendra, I. Made Aswin, et al. "DreamWaQ: Learning robust quadrupedal locomotion with implicit terrain imagination via deep 

reinforcement learning." 2023 IEEE International Conference on Robotics and Automation (ICRA). IEEE, 2023.

[2] Jenelten, Fabian, et al. "Dtc: Deep tracking control." Science Robotics 9.86 (2024)

[1] [2]



ÅRecent learning based research has made it possible to perform 
more dynamic movements such as parkour.

Quadruped Robot Locomotion

10
[1] Lee, Joonho, et al. "Learning quadrupedal locomotion over challenging terrain." Science robotics 5.47 (2020)

[2] Hoeller, David, et al. "Anymal parkour: Learning agile navigation for quadrupedal robots." Science Robotics 9.88 (2024)

Learning based locomotion Parkour example

[2][1]



ÅA manipulator is needed to interact with objects

Task performing ability

11

[1] Johns, Edward. "Coarse-to-fine imitation learning: Robot manipulation from a single demonstration." 2021 IEEE interna

tional conference on robotics and automation (ICRA). IEEE, 2021.

[2] Optimus from Tesla

Optimus robotInteraction with an object

[1] [2]



ÅTo obtain more manipulative ability, quadruped robots are equipped 
with additional manipulator.

Task performing ability

12

Manipulation ability

Locomotion ability

www.neobotix -robots.com/products/mobile -manipulators/mobile -manipulator -mmo-500

shop.unitree.com/products/unitree -b1

www.romilab.org/robots

Legged manipulation



ÅHowever, equipping additional manipulator increases costs and 
occupies space that could be used for sensors or payload.

Drawback of legged manipulation

13

Quadruped robot with manipulator Sensors on the back

[1] Fu, Zipeng, Xuxin Cheng, and Deepak Pathak. "Deep whole-body control: learning a unified policy for manipulation and locomotion." 

Conference on Robot Learning. PMLR, 2023.

[2] https://wiki.patras5g.eu/radio-equipment/other-devices

[1] [2]



Redundant leg for locomotion

14

ÅQuadruped robot  already has enough legs

ÅHumanoid robot even can walk with two legs

Unitree Go1 Unitree G1



Pedipulation

15

Å7Å ÆÏÃÕÓ ÏÎ ȰPedipulation ȱ, where the robot performsa
manipulation task with its own leg

[1] Cheng, Xuxin, Ashish Kumar, and Deepak Pathak. "Legs as manipulator: Pushing quadrupedal agility beyond locomotion." 2023 IEEE 

International Conference on Robotics and Automation (ICRA). IEEE, 2023.

[2] Ji, Yandong, Gabriel B. Margolis, and Pulkit Agrawal. "Dribblebot: Dynamic legged manipulation in the wild." 2023 IEEE International 

Conference on Robotics and Automation (ICRA). IEEE, 2023.

The action of controlling or operating somethingwith the feet.

[1] [2]



Pedipulation
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ÅMany researches focused on skill-specific pedipulation. 

ÅIn recent works, task target tracking is conducted.

[1] Ji, Yandong, et al. "Hierarchical reinforcement learning for precise soccer shooting skills using a quadrupedal robot." IROS 2022.

[2] Kim, Sunwoo, et al. "Humanconquad: human motion control of quadrupedal robots using deep reinforcement learning." SIGGRAPH Asia 2022.

[3] Cheng, Xuxin, Ashish Kumar, and Deepak Pathak. "Legs as manipulator: Pushing quadrupedal agility beyond locomotion." ICRA 2023.

[4] Ji, Yandong, Gabriel B. Margolis, and Pulkit Agrawal. "Dribblebot: Dynamic legged manipulation in the wild." ICRA 2023.

[5] Lin, Changyi, et al. " LocoMan: Advancing Versatile Quadrupedal Dexterity with Lightweight Loco -Manipulators." arXiv preprint 2024.
[6] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.

Skill specific pedipulation

[1]

Task target tracking pedipulation

year
2022/10 2022/12 2023/5 2024/3 2024/5

[2]

[3]

[4]

[5]

[6]



Target tracking of pedipulation

17

ÅFor pedipulation, due to the nature of floating base, it requires 
additional ability, maintaining balance.

Target tracking of manipulator

[1] Yoon, Minsung, et al. "Learning-based initialization of trajectory optimization for path-following problems of redundant 

manipulators." 2023 IEEE International Conference on Robotics and Automation (ICRA). IEEE, 2023.

[2] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.

[1]

Target tracking of pedipulation

Goal: generate precise joint trajectory Goal: tracking while maintaining balance

[2]

x6



Target considerations for pedipulation

18

ÅConsideration 1. Use any leg as manipulator according to task goal 
position

ÅConsideration 2. Robustly maintain balance when moving 
manipulation leg



Main task

19

ÅTracking a given target goal using pedipulation
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SOTA 1. Pedipulation target tracking

21

ÅPedipulate [1]

ÅBy sampling target goal position from near to far in the training time, 
Pedipulateachieves ability of robust and precise target tracking

[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotŚs leg." 41st ICRA 2024.

Near goal sampling region

Far goal sampling region



SOTA 1. Pedipulation target tracking
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ÅIssues of Pedipulate[1]

ÅIn the paper, Pedipulateis overfitted the ability of pedipulation
on a specific setting, e.g., front-right leg is always manipulator.

ÅSince the Pedipulatealways uses front-right leg as manipulator, it
cannot change the manipulation leg according to target 
position

[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotŚs leg." 41st ICRA 2024.

To tackle this issue, we propose an adaptive locomotion method 
that enables the robot to move effectively regardless of which leg 
is used for manipulation.



SOTA 2. Adaptive locomotion

23

ÅFT-net [1]

ÅFault-tolerant locomotion is a research field where the ability of 
adaptive locomotion is also needed.

ÅMinimizing VHIP(variable height inverted pendulum) angle
ĄAligning Center of Mass (CoM) and Center of Pressure (CoP)

[1] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023

Center of pressure position

VHIP angle

Center of mass position



SOTA 2. Adaptive locomotion
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ÅIssue of FT-net [1]

ÅWhen pedipulating with FT-net, aligning the CoMwith the CoP 
causes a loss of balancedue to the changes in the CoMcaused by 
the movements of the manipulation leg.

Pedipulation example 
of FT-net

Contact foot

No contact foot

xy-projection of CoM

Center of Pressure (CoP)

Moving average of CoP

Centroid of locomotion 
Feet (CoF)

Red colored leg: manipulation leg



SOTA 2. Adaptive locomotion
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ÅIssue of FT-net [1]

ÅWhen pedipulating with FT-net, aligning the CoMwith the CoP 
causes a loss of balancedue to the changes in the CoMcaused by 
the movements of the manipulation leg.

To address this issue, we propose a centroid of locomotion feet 
based adaptive locomotion method that ensures robust adaptive 
locomotion even when the manipulation leg is moving.



Issues and our proposed methods

26

ÅIssue 1. Pedipultecannot change the manipulation leg according 
to target position

ÅIssue 2. Aligning CoP with CoMcauses a loss of balancedue to the 
changes in the CoMwhen performing pedipulation

We propose a centroid of feet based gravitational moment 
minimization method that ensures robust adaptive locomotion even 
when the manipulation leg is changed or moved.
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ÅWe use one leg as manipulation leg, and the other three legs as 
locomotion legs

ÅNecessary ability of each legs

ÅLocomotion legs

1) Balancing

2) Approaching to the goal

ÅManipulation leg

1) Tracking the task goal

Prerequisite

28

Target task goal



Overall Structure

29

ÅOverall structure of RL system of our research.

ÅWhen a task goal is given by user, our method can use any leg close 
to the goal as manipulation leg.

Any leg can be manipulation leg!



Overall Structure
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ÅOur method has two policies, one is for locomotion legs and the 
other one is for manipulation leg.

ÅBase command action is used as input for locomotion policy

: Privileged information encoder,       is encoded privileged information



Overall Structure
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ÅWe firstly train Locomotion Policy for obtaining adaptive 
locomotion ability, and then train Manipulation and base command 
policy for goal tracking pedipulation.

Train locomotion policy Train manipulation and base command policy
with frozen locomotion policy 

Two step training



Locomotion Policy
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ÅFor adaptive locomotion with three legs, we propose two rewards

1. Centroid of locomotion feet (CoF) based gravitational moment 
minimization

2. Feet polygon area maximization

Other rewards are listed in the dissertation



Locomotion Policy
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ÅFor adaptive locomotion with three legs, we propose two rewards

1. Centroid of locomotion feet (CoF) based gravitational moment 
minimization

2. Feet polygon area maximization



ÅFor stable locomotion, ground projected center of mass (CoM) 
should be inside of support polygon

Background 1. Support polygon

34

Projected CoMon ground

Boundary of support polygon

Locomotion examples that ensures CoM
to be inside support polygon



ÅMIT cheetah 3 controller uses virtual predictive support polygon

Background 1. Support polygon

35

One of the most widely used 
quadruped locomotion controller

[1] Bledt, Gerardo, et al. "Mit cheetah 3: Design and control of a robust, dynamic quadruped robot." 2018 IEEE/RSJ International 

Conference on Intelligent Robots and Systems (IROS). IEEE, 2018.

Actual support polygon Virtual predictive support polygon

ÅȰ"Ù ÁÎÔÉÃÉÐÁÔÉÎÇ ÃÏÎÔÁÃÔ ÍÏÄÅ Ó×ÉÔÃÈÅÓȟ ÔÈÅ ÖÉÒÔÕÁÌ 
support polygon biases away from legs nearing the end of 
their contact phase and towards legs about to touchdown. 
ȣ 7Å ÄÅÆÉÎÅ Á ÐÈÁÓÅ-based approach that assigns each 
ÆÏÏÔȭÓ ÃÏÎÔÒÉÂÕÔÉÏÎ ÔÏ ÔÈÅ ÐÒÅÄÉÃÔÉÖÅ ÓÕÐÐÏÒÔ ÐÏÌÙÇÏÎȟ 
ÉÎÃÌÕÄÉÎÇ ÆÅÅÔ ÉÎ Ó×ÉÎÇȢȱ [1]

ÅThe virtual predictive support polygon 
is used for anticipating swing feet



ÅLikewise cheetah 3 controller, we use extended support polygon

ÅSince we do not utilize phase-based locomotion, we use feet polygon
which is a polygon that is formed by ground projected locomotion 
foot positions

Method 1. centroid of locomotion feet 
based gravitational moment minimization

36

Projected CoM

Feetpolygon
(consider only locomotion feet)

No contact

Contact

Contact

Manipulation leg

Support polygon



ÅIf the CoMis inside of feet polygon, the robot can make the CoMbe 
inside of support polygon by contacting the swing feet 

Method 1. centroid of locomotion feet 
based gravitational moment minimization

37

Front left foot contact

Front left foot contact

CoMplaced 
inside of feet polygon

CoMplaced 
outside of feet polygon

CoMplaced 
inside of support polygon

CoMplaced 
outside of support polygon

Example.

Manipulation leg

No contact

Contact

Support polygon

Feet polygon



ÅCentroid of locomotion feet (CoF) is a geometric centroid of feet 
polygon

Method 1. centroid of locomotion feet 
based gravitational moment minimization

38

Projected CoM

Feetpolygon

Centroid of locomotion feet

No contact

Contact

Contact

Manipulation leg



ÅA quadruped robot can be simplified as an cart-inverted pendulum 
model with CoMand center of pressure(CoP)

ÅBy compensating gravitational moment about CoM, the stability is 
achieved 

Background 2. Gravitational moment

39

CoM

Center of pressure

[1] Han, Kyu-Chur, and Jung-Yup Kim. "Posture stabilizing control of quadruped robot based on cart-inverted pendulum 

model." Intelligent Service Robotics 16.5 (2023): 521-536.



ÅIf the CoMand the CoP are aligned, the robot can maintain balance

Background 2. Gravitational moment

40

CoM

Center of pressure



ÅWe formulate a minimization reward of gravitational moment about 
CoMwith the centroid of locomotion feet (CoF) as a pivot point

Method 1. centroid of locomotion feet 
based gravitational moment minimization

41

CoM

CoP

CoM

CoF

CoP based inverted pendulum model CoFbased inverted pendulum model



ÅWe formulate a minimization reward of gravitational moment about 
CoMwith the centroid of locomotion feet (CoF) as a pivot point

ÅGravitational moment reward 
=
, where

Method 1. centroid of locomotion feet 
based gravitational moment minimization

42

No contact

Contact

Contact

Manipulation leg

CoM

ᴆὶᴆὫὼȟώ
ὼȟώ

ὼȟώ

CoM
Feetpolygon



ÅWhen moving manipulation leg, CoP based method lose its balance 
since it tries to align CoP with CoM, which is almost outside of feet 
polygon

Method 1. centroid of locomotion feet 
based gravitational moment minimization

43

CoP based method CoFbased method

CoF CoP Ground projected CoM



Locomotion Policy

44

ÅFor adaptive locomotion with three legs, we propose two rewards

1. Centroid of locomotion feet (CoF) based gravitational moment 
minimization

2. Feet polygon area maximization



ÅAlthough method 1. robustly maintains the CoMwithin the feet 
polygon, It is important to move the CoMfar away from the 
polygon's edge.

Method 2. feet polygon area maximization

45

Projected CoM

Feetpolygon

Centroid of locomotion feet

Distance to edges



ÅPrevious work [1] minimize the maximum distance to make the 
CoMbe center of the polygon

Method 2. feet polygon area maximization

46

Maximum distance to edges

[1] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023

What [1] want

Maximum distance to edges

What could occur, 



ÅMaximizing the area of a triangle, which contains minimum distance 
from CoFto each edge.

Method 2. feet polygon area maximization

47

Minimum distance to edges

[1] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023

Feet polygon area reward
=

is the area of a triangle containing minimum distance to the edge



Manipulation and base command Policy

48

ÅFor adaptive manipulation we propose 

1. Projected target goal position reward

Other rewards are listed in the dissertation



ÅIf the target is too far from the manipulator leg, the reward for the 
reaching task saturates because the distance to the goal is too large.

ÅProjected goal position tracking reward =
, where,          is manipulation foot position and           is target goal position

ÅTo handle this problem, we project the target goal to the point on 
the reachability map boundary to prevent reward saturation.

Method 3. target goal projection to 
reachability surface

49

Target goal

Reachability mapboundary
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ÅMeasurement of CoMtrajectory while moving manipulation leg

ÅTypes of adaptive locomotions

ÅNaïve [1]: train adaptive locomotion without additional rewards

ÅFT-net [2]: VHIP angle minimization

ÅALaMCoP: Minimization of gravitational moment about the CoP

ÅALaM(ours) : Minimization of gravitational moment about the CoF

Experiment 1. Moving manipulation leg while standing

51
[1] Rudin, Nikita, et al. "Learning to walk in minutes using massively parallel deep reinforcement learning." CoRL, 2022.
[2] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023



ÅMeasurement of CoMtrajectory while moving manipulation leg

Experiment 1. Moving manipulation leg while standing

52

Naïve ALaMCoP

ALaM (ours) FT-net



ÅMeasurement of CoMtrajectory while moving manipulation leg

Experiment 1. Moving manipulation leg while standing

53

Naïve [1] ALaMCoP

ALaM (ours) FT-net [2]

CoMtrajectory on xy-plane

[1] Rudin, Nikita, et al. "Learning to walk in minutes using massively parallel deep reinforcement learning." CoRL, 2022.
[2] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023



ÅOur method achieves the most robust CoMmovement while 
moving manipulation leg

Experiment 1. Moving manipulation leg while standing

54

!ÖÇȢ ÄÉÓÐÌÁÃÅÍÅÎÔ ɉ Ɋ3ÔÄȢ ɉ Ɋ

X-axis Y-axis X-axis Y-axis

Naïve [1] 0.019 m 0.026 m 0.021748 0.02108

FT-net [2] 0.984 m 0.179 m 0.332112 0.032645

ALaMCoP 0.765 m 0.111 m 1.278416 0.089585

ALaM(ours) 0.004 m 0.006 m 0.00393 0.00623

[1] Rudin, Nikita, et al. "Learning to walk in minutes using massively parallel deep reinforcement learning." CoRL, 2022.
[2] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023



ÅOur method achieves the most robust CoMmovement while 
moving manipulation leg

Experiment 1. Moving manipulation leg while standing

55
[1] Rudin, Nikita, et al. "Learning to walk in minutes using massively parallel deep reinforcement learning." CoRL, 2022.
[2] Luo, Zeren, Erdong Xiao, and Peng Lu. "Ft-net: Learning failure recovery and fault -tolerant locomotion for quadruped robots." RA -L 2023



ÅMeasure the goal tracking error within 5 meters to the xy-plane and 
0.3 meters in z-axis centered on the robot.

Experiment 2. Task goal tracking error experiment

56
[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotŚs leg." 41st IEEE Conference on 
Robotics and Automation (ICRA 2024). 2024.

Taskgoal height

Tracking error

Taskgoal



ÅGoal tracking error is 2.12cm in average, which is about double the 
precision ÏÆ ÔÈÅ ÂÁÓÅÌÉÎÅ 0ÅÄÉÐÕÌÁÔÅɍρɎȭÓ τȢσÃÍ 

ÅRelatively higher error rates for 
task goals around 0.4m-0.5m, 
which are higher than its body

Experiment 2. Task goal tracking error experiment

57
[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotŚs leg." 41st IEEE Conference on 
Robotics and Automation (ICRA 2024). 2024.

Task goal error

0.3m



ÅA comparison of reaching trajectory of ALaM(ours) and pedipulate [1]

ÅThe reaching task goals are positioned at evert 30-degree intervals, 
with distances ranging from 1 to 5 meters from the central point.

Experiment 3. Task goal touch experiment

58
White spheres: Reaching task goal positions

[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.



Experiment 3. Task goal touch experiment

59

ALaM(Ours) Pedipulate [1]

[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.

ÅOur method has similar result for the task goal at front and back

ÅPedipulatetakes more time for back task goal since it can use only 
front right leg as manipulation leg

Time difference



Experiment 3. Task goal touch experiment

60ALaM(Ours) Pedipulate [1]
[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.

ÅUnlike Pedipulate[1], our method demonstrates the ability to use 
different feet depending on the direction of the task goal.

Use 
front left 
leg

Use  rear left  leg
Use rear right leg



Experiment 4. Far distance goal
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ALaM(Ours)

Pedipulate [1]

[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.

ÅIf the goal is far from the trained distance, Pedipulate [1] can not 
handle



Experiment 4. Far distance goal

62

ÅBy dividing locomotion part and manipulation & base command 
part, base command action learns goal direction



ÅWe propose a novel method for maintaining balance for 

pedipulation

ÅBy applying centroid of locomotion feet (CoF) based gravitational 

moment minimization, our proposed pedipulation method

robustly maintains balance.

ÅExperimental result shows our method achieves the task goal 

tracking approximately double the precision compared to the 

SOTA methods [1].

Summary

63

[1] Arm, Philip, et al. "Pedipulate: Enabling manipulation skills using a quadruped robotôs leg." ICRA 2024.



ÅLarge language model (LLM) and vision language model (VLM) based 
target goal generation

Future direction

64

LLM encoder 

Do 
something !

Img-txt fusion  

Vision information

VLM decoder 

Press the button on the wall

Target goal

Pedipulation


