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Abstract— We present GIRAF (Greatly Increased Reach for
Adaptive Fieldwork), a mobile manipulation platform integrat-
ing an ANYmal D quadruped with a long-reach deployable
manipulator arm. Compared to conventional architectures,
incorporating a deployable joint enables greater reach while
preserving useful payload capacity. This is well suited to
construction, inspection, and maintenance tasks in field and
space environments, where robots operate across large struc-
tures and extended workspaces. On the lunar surface, for
example, infrastructure tasks can require access across multiple
meters. Tasks such as cable routing, large-surface cleaning,
and servicing distributed infrastructure benefit from extended
reach (>3 m), enabling access to otherwise inaccessible locations
and improving task efficiency. We present the GIRAF system
design, an optimization-based formulation for robust mobile
manipulation, and initial hardware deployments.

Index Terms— Space robotics, field robotics, manipulation,
deployable, in-space manufacturing and assembly

I. INTRODUCTION

Large-scale construction, inspection, and maintenance in
field and space environments require robots to operate across
workspaces far larger than themselves. On the lunar surface,
future infrastructure [1] [2], including large vertical solar
arrays [3], launch/landing sites, and habitats constructed via
in-situ resources [4] [5], demands extensive construction,
inspection, and maintenance. In these settings, robots must
reach individual task locations while working efficiently
across large structures and partially built environments. Tasks
such as routing cable harnesses through partially built struc-
tures [6], cleaning dust off solar array panels [7], or fixturing
and installing sensors [1] therefore require operation across
regions spanning multiple meters.

As shown in Fig. 1, GIRAF addresses this challenge with
a legged mobile manipulation platform that combines an
ANYmal D quadruped [8] with a long-reach deployable arm.
The mobile base provides rough-terrain mobility and coarse
repositioning, while the deployable manipulator enables ac-
cess to a large workspace, supporting task execution across
large, partially structured environments. We coordinate them
through an optimization-based planning formulation that
jointly reasons over base placement and arm reachability for
obstacle-aware task execution.

II. RELATED WORK

Conventional mobile manipulators tend to tackle the chal-
lenge of large workspace access poorly. Robots such as the
GITAI Inchworm [9] or NASA ARMADAS [10] rely on
self-locomotion with small manipulators to operate within a
modularized structure, achieving simple and reliable traversal
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Fig. 1. The GIRAF system (left) consists of an ANYmal D legged
quadruped with a lightweight deployable manipulator arm. This enables
large workspace tasks for lunar construction, such as (a) cable outfitting,
(b) cleaning and inspection, and (c) fixturing and assembly

but at low speeds and only across such structured environ-
ments. Conversely, the NASA LSMS (Lightweight Surface
Manipulation System) [11] performs well across fixed work
areas but is far more difficult to reposition.

Deployable structures offer a promising solution by bridg-
ing the gap between transportability and workspace ac-
cess for large-scale construction and maintenance tasks.
Deployable booms are well established in space applications
requiring compact stowage and large deployed length, in-
cluding CTM, STEM, and TRAC architectures [12]-[14].
Related mechanisms have also been explored in robotics
for lightweight long-reach manipulation [15]-[17]. In the
lunar domain, recent work has begun adapting these ideas
to tasks such as cable routing and surface cleaning, while
also highlighting practical challenges arising from boom
compliance, vibration, and deployment uncertainty [6], [7].

However, effective operation in these environments de-
pends on more than workspace access, since the robot must
also traverse unstructured terrain reliably. This motivates
a mobile base that can reposition efficiently over rough
terrain while supporting precise manipulation. Quadrupeds
have shown promise for lunar and planetary navigation
[18], [19], and prior work has studied base—manipulator
coordination for planetary field tasks [20], while more recent
systems demonstrate whole-body end-effector tracking with
rigid arms [21]. GIRAF builds on these directions by pairing
a quadrupedal base with a deployable long-reach arm and
jointly reasoning over base placement and arm configura-
tion, enabling a single system to balance terrain mobility,
workspace access, and manipulation performance.
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Fig. 2. System overview of the GIRAF (Greatly Increased Reach for Adaptive Fieldwork) robot. The ANYmal D legged mobile base is controlled with
planar locomotion velocities (vz, vy, w;), with a 6 DoF deployable manipulator arm mounted on top and controlled with a resolved rate task motion
controller. Motion planning of both mobile base and manipulator trajectories are designed to avoid obstacles while reaching task locations.

III. SYSTEM OVERVIEW

Fig. 2 shows an overview of the GIRAF system. The
mobile base is an ANYmal D legged quadruped [8] capable
of traversing complex surface terrains with a maximum speed
of 1 m/s. We mount our deployable manipulator arm on top
of this mobile base.

This manipulator uses a 3m rollable fiberglass boom
(Metolius Climbing) [22] as a lightweight, low-cost deploy-
able actuator that provides long reach while maintaining
enough stiffness and durability for manipulation. Deploy-
ment is driven by a motorized spool with support rollers,
while an encoder wheel mounted directly against the boom
provides accurate deployed-length and velocity feedback to
mitigate blossoming effects that would otherwise degrade
extension control. The overall arm has 6 degrees of freedom
(DoF), with two high-torque base joints for large-scale boom
reorientation (61,63), a deployable boom for long-range
extension (d3), and a compact 3-DoF wrist at the endpoint
for fine manipulation (64, 65, 6g). A parallel-jaw gripper with
compliant fingers is utilized for general-purpose grasping.

All control stacks are implemented in Dockerized ROS 1
Noetic and run onboard an ASUS NUC 14 Pro+.

IV. TRAJECTORY PLANNING
A. Overview

To operate effectively across large workspaces, we balance
the kinematic tradeoffs between the mobile base (ANYmal
D quadruped) and long-reach manipulator arm. For instance,
precise deliberate motions at the deployable arm’s endpoint
are well suited for fine manipulation tasks, while movement
of the quadruped base is important for large-scale navigation
and substantial pose reorientation.

We formulate this coordination between the mobile base
and the manipulator as an optimal trajectory planning prob-
lem. Here, we consider the quadruped base as a point robot

with planar degrees of freedom, position x; = (x, yp) and
yaw 0y, while the long-reach arm has a full 3D workspace
with endpoint position x, = (24, Ya, 24 ). We thus define the
position of the system as:

x=[x X =[5 W Ta Va 2]

We consider planning with trajectories defined by NV discrete
waypoints, used to define a polyline or smoothed cubic path:

X ={x1,x2,...,Xn}

The trajectory must navigate towards target task locations,
while avoiding any workspace obstacles.

B. Task Reachability

Due to the compliant nature of the deployable long-reach
arm, task accuracy and stability tend to scale inversely with
deployed boom length (d3). Thus, for given predefined task
requirements, we can impose a maximum allowable limit on
boom length. Projecting the task point to planar coordinates
x; = (@, y:) consistent with the mobile base, we define a
2D reachability constraint as:

[0 = x¢fl2 < 74

The metric r; captures task limitations on boom length and
the vertical height (z;) of the task point. This represents
a “safe radius” within which the mobile base x; must be
positioned such that the long-reach arm can fully execute
the task below a given boom length limit.

We additionally consider workspace obstacles in a similar
manner. For example, for a circular keep-out region with cen-
ter and radius (x,,7,) within which the mobile base cannot
traverse (but the long-reach arm can pass through/over), we
define the constraint:

X6 — Xol| > 70
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Snapshots from motion planning experiments on GIRAF hardware. The robot begins at (0), then follows the dashed blue polyline trajectory to

three task locations (1-3). At each task, the green radii represent the safe regions imposed by boom reachability limits. We consider planning with both
long (2m) and short (0.5m) reach limits in both free space (A, B) and around a circular obstacle (C, D)

Experiment | Reach Limit | Obstacle | Distance | Time

A 0.5 m no 6.5 m 48 sec

B 20 m no 33 m 67 sec

C 0.5m yes 7.5 m 60 sec

D 20 m yes 42 m 73 sec
TABLE I

C. Problem Definition

Consider a representative scenario consisting of three tasks

{(Xt177't1)7 (th,rtz), (XtSaTtS)}

and a single obstacle (x,,7,). The planning problem is thus
to generate a safe and viable trajectory passing through all
task regions (xy;, ;) while avoiding the obstacle.

For initial experiments, we utilize a minimum-distance
approach desirable for efficiency and robustness. We consider
a trajectory X with N waypoints, where specific points
{Xp1,Xp2, Xp3} € X correspond to locations where the robot
is positioned within the respective safe regions to perform
each task. We define this as the optimization problem:

N—1
min z:l xit1 —xill2
-

st |xp1 — xe1ll2 < ra
Ixp2 — Xp2l2 < o2
||Xb3 - Xt3||2 < g3

Ixi —Xoll2 >7o i=1,...,N

While we enforce obstacle-avoidance for waypoints, there
is no guarantee that paths in between are collision-free.
This is done by ensuring sufficiently dense intermediate
waypoints with maximum separation smaller than obstacle
scale (||x;+1—X;||2 < 7,). The obstacle also introduces non-
convexity, which is handled with DCCP (Convex-Concave
Programming) [23]. We solve in CVXPY [24] with average
solve times around 0.3 sec.

V. EXPERIMENTS

For deployment of our trajectory optimization with hard-
ware, we consider three task locations and a circular obstacle:

xu1 = [0.5,—2.0] m X2 = [3.5,1.0] m
xi3 = [5.0, —0.5] m X, = [3.0,0.0] m

The robot begins in the same position xq for all experiments.
PD controllers with velocity limits steer the ANYmal’s linear
velocities (v, v,) towards each of the trajectory waypoints
and the angular velocity w, to maintain constant yaw heading
0. When the mobile base arrives within each task region,
the deployable arm is extended to the exact task coordinate.
Table 1 and Fig. 3 show four experiments (A-D) where we
vary the reach limit (r4;) and introduce an obstacle.

VI. DISCUSSION AND FUTURE WORK

Our current work presents a preliminary framework for
the design and control of a coordinated mobile manipulation
platform utilizing a deployable arm with extensive reach.
As shown by experiments, long reach offers significant
advantages in path planning. Comparing trajectories utilizing
long reach (B, D) to those with short reach (A, C), we see an
almost 50% reduction in travel distance. Execution times are
slower in the long-reach trajectories due to boom velocity
limits imposed to mitigate instability.

These results lay initial groundwork for performing large-
workspace tasks, where mobile base and arm motions must
be coordinated to trade off stability and performance. Ongo-
ing work examines demonstrating full hardware proficiency
with fine-manipulation control (e.g. vision-informed grasping
or assembly tasks), and refined planning to better capture
tradeoffs at longer reach, especially with full-body kinemat-
ics and dynamic effects. Planning in complex environments
(i.e. more obstacles or risk-aware contexts) will require more
sophisticated strategies such as GCS (Graphs of Convex Sets)
[25] or sampling-based methods like RRT* [26].
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