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Abstract— Cable routing is a common manipulation task
in assembly and manufacturing, yet it remains challenging
due to the deformable nature of cables and the constraints
of cluttered routing environments. In this paper, we present
CRAFT: Cable Routing Around Fixtures using Two grippers,
a novel hardware plus software architecture that integrates
unimanual and bimanual operations for long-horizon cable
routing. To address jamming due to friction, we present a
novel caging gripper with roller mechanism. Physical exper-
iments consisting of 160 trials on a modified NIST board
with five types of fixtures and turning angle up to 930
degrees, yield an average completion ratio of 84.5% across
four routing difficulty tiers, representing a 54.2% improvement
over an earlier baseline. The cable routing materials and
benchmarks are available at https://manipulation—-net.
org/tasks/cable_routing.html.

I. INTRODUCTION

Cable routing, the task of manipulating Deformable Linear
Objects (DLOs) such as wires, hoses, or cables, is important
for a wide range of technological applications. For example,
cable routing is performed during many assembly operations,
when wiring servers in data centers, for cable harnesses in
automobiles, and suturing in surgery [1]-[4]. Robotic cable
manipulation in these contexts requires methodical planning
of cable paths before routing and advanced control of DLOs
during execution. Since DLOs exhibit complex behaviors like
bending, twisting, and tangling when manipulated, the task
of routing a cable into a desired configuration is complicated.
These effects become more apparent in long-horizon cable
routing, where, due to the length of the cable, small devia-
tions from the desired cable placement can lead to significant
routing errors [5]. Additionally, friction between the gripper
and the cable hinders smooth sliding and effective slack
management. As a result, automated cable routing remains
an open and demanding problem.

We present CRAFT: Cable Routing Around Fixtures using
Two grippers, a novel cable routing framework integrat-
ing unimanual and bimanual operations for routing cables
through different types of fixtures on a planar surface. We
design a low-friction caging gripper to enable smooth cable
sliding. Given an overhead RGB image of fixtures and a
desired routing path, CRAFT plans a sequence of grasping,
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Fig. 1.
an overhead RGB camera, (2) and (3) show two Tier 4 cable routing
configurations.

CRAFT overview: (1) An ABB YuMi dual-arm robot with

lifting, twisting, and sliding motions for two robot grippers
and executes the resulting plan.

This paper makes 3 contributions:

1) A novel CRAFT gripper with integrated rollers designed
to reduce friction between the cable and jaws during routing.

2) A novel CRAFT cable routing algorithm integrated with
unimanual and bimanual operations for long-horizon cable
routing.

3) Results from 160 physical experiments that suggest
CRAFT can reliably route cables with up to 10 fixtures
and 930 degrees of total turning angle, achieving an average
completion ratio of 84.5%, which significantly outperforms
an earlier baseline.

II. RELATED WORK
A. Robot deformable object manipulation

The manipulation of deformable objects, such as cables
[6]-[8], cloth [9], [10], bags [11]-[13], and sutures [14],
[15], is common in daily life, but remains difficult for robots.
Challenges, such as identifying reliable interaction points,
handling shape changes during manipulation, and ensuring
stable grasping to avoid slipping, remain unsolved in this
field [16], [17]. Some model-based approaches have been
used. For example, Yan et al. [18] combined an optimized
visual representation model and a dynamics model using con-
trast estimation to perform short-horizon deformable object
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manipulation tasks such as spreading ropes and cloth. To
implement a relatively long-horizon task, Chen et al. [15]
developed a monocular visual servoing strategy to grasp
sutures in surgery and performed double knot tying on
an open chicken wound. However, they do not implement
continuous perception to observe suture deformation during
operation. Some recent works have focused on manipulating
deformable objects using model-free approaches. Chen et
al. [11] developed a self-supervised learning framework that
enabled a bimanual robot to recognize the handle and rim of
a plastic bag and open it through interactive manipulation to
complete an object insertion task. Vision-Language-Action
(VLA) models [19]-[21] have also been explored to enable
robots to complete tasks via end-to-end robot control. This
includes manipulation of deformable objects such as papers,
towels and cloth, which shows promising results in terms of
task and environment generalization. To compare the advan-
tages between model-based and model-free strategies, Hoque
et al. [9] benchmarked fabric manipulation by comparing
four model-based algorithms and four model-free policies,
and the results showed that combining learning with an ana-
Iytical method could achieve nearly human-like performance
in fabric flattening and folding, suggesting the potential of
combining model-based and model-free solutions.

B. Robotic adaptive grippers for object manipulation

Works on robotic gripper designs aim to address various
aspects of object manipulation through sensing, grasp sta-
bility, or in-hand manipulation. Burgess et al. [22] and She
et al. [8] explored integrating tactile sensing into parallel-
jaw grippers, allowing for active force sensing solutions to
cable manipulation. However, these approaches are bulky and
mechanically complex, hindering routing maneuverability
in dense routing environments and making bimanual cable
manipulation difficult for tension regulation. Yuan et al. [23]
and Bicchi et al. [24] presented active roller-based grippers
that achieve high dexterity by allowing in-grasp rotation and
effective management of contact forces. These systems are
generally tuned for rigid object manipulation and haven’t
been tested to manipulate deformable objects. Goldberg and
Furst [25] presented a gripper with passive linear bearing to
avoid wedging in the sliding grasp plate. Similarly, Carlisle
et al. [26] presented a gripper with passive rotational bearings
aligned with the grasp axis that use gravity to pivot objects
into desired orientations.

Viswanath et al. [27] developed grippers with “fingernails”
optimized for picking up cables from flat surfaces, which
perform well but struggle to control tension during routing,
leading to slack accumulation and snagging. Lou et al.
[28] introduced a flat clamping jaw solution that achieves
consistent cable pickup but is limited to near-linear routing
patterns. Recently, Zuo et al. [29] proposed a bio-inspired
claw design that mimics an eagle nail to lift cables. Although
this design is effective for some tasks, such as adjusting the
position of the cable, it does not consider highly compliant
cables, which may fold or stack due to the friction between
the cable and the gripper during routing, particularly when

Fig. 2. NIST Board and the fixtures: 1) Standard NIST Task Board, 2)
Modified NIST Board with fixtures, 3) C-clip, 4) Round Peg, 5) U-clip, 6)
Y-clip, 7) Connector.

there are large orientation changes between fixtures.

C. Robotic cable routing

Robotic cable routing introduces additional challenges
in deformable object manipulation, for example, the cable
needs to be routed around multiple fixtures in a cluttered
environment while maintaining proper control of tension
and slack [30]. Saha et al. [31] and Waltersson et al. [32]
introduced bimanual cable routing operations, but did not
address the issue of cable tension. Suberkrub et al. [33]
proposed cable manipulation by using force information
based on wrist force-torque sensors, and the experimental
results showed that this approach can measure cable tension
during routing and insertion into clamps. In experiments, the
routing board configurations were relatively simple with total
turning angle of up to 360 degrees.

Some recent works have also used data-driven strategies
to train cable routing policies that generate action sequences
of coordinated robot movements [6]. For example, Luo et
al. [28] developed a hierarchical policy for cable routing
that includes a high-level policy to select specific motion
primitives such as pickup, route and perturb, and also a low-
level policy to execute specific robot actions. Their approach
demonstrated the feasibility of cable routing, but the routing
configurations are limited to three fixtures with total turning
angle of 180 degrees.

Most recently, Azulay et al. proposed MOTORCYCLE
1.0 [34], which implemented cable routing using bimanual
sliding motions. They developed a collaborative working
mode in which one leading arm was used to route the cable
and another following arm was used to manage slack by
lifting the cable. However, physical experiments involving
five fixtures with turning angles up to 410 degrees showed
that there was significant friction on the grippers in high-
curvature regions, preventing long-horizon cable routing.

III. PROBLEM STATEMENT

We make the following assumptions:
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Routing Result Bimanual Routing

Fig. 3.

Hand Swapping

Unimanual Routing

Overview of the CRAFT pipeline: (1) input including an RGB board image with fixtures and a desired routing configuration C'; (2) An interface

visualized for the user before physical cable routing; (3) Cable tracing to identify two initial grasp points on the cable; (4) A series of waypoints planned
for cable routing; (5), (6) and (7) demonstrate the different primitives of cable routing, including unimanual routing, hand swapping, and bimanual routing;

(8) The physical result of cable routing.

1) Given one cable, a planar worksurface, and up to 10
fixtures mounted on the worksurface.

2) The cable and worksurface are visually distinguishable
and the cable is not tangled at the initial state.

3) One end of the cable is attached to a fixed connector,
and the other end is unconstrained.

4) All fixtures are within the robot’s reachable workspace.

5) The fixture routing configuration C' is feasible, for
example, there are no two consecutive fixtures with the same
ID to be routed.

Following the NIST cable routing standard in Fig. 2.1,
we assume a planar fixture board with an n x n grid of
mounting holes and N fixtures, such that there is clearance
of Y between any two fixtures. The input includes:

1) An RGB image captured by the overhead camera. A
Graphical User Interface (GUI) is provided for the operator
to manually annotate the fixtures on the board to generate a
fixture arrangement A, containing a set of fixtures, each of
which includes three variables: a) an integer index from O to
N; b) the type of fixture (peg, C-clip, connector, U-clip and
Y-clip); ¢) the grid position (x, y) on a plane grid surface, as
well as the orientation for U-clip and Y-clip. Fy is assumed
to be the starting attachment point for one end of the cable.

2) A desired fixture routing configuration C' defined by
a sequence of signed integers (0, —1,+2,8,—7,10), where
the sign indicates the direction of cable wrapping (i.e. + for
clockwise, — for counter-clockwise). The U-clip and Y-clip
are routed via vertical insertion according to their orientation
and are therefore not assigned a sign.

The output is a cable routing plan: a sequence of bimanual

robot motion commands that can produce the desired cable
routing configuration C'. During physical experiments, if the
robot fails to route the cable around a specific fixture, or the
gripper drops the cable, the robot is stopped manually.

IV. METHODOLOGY

We present CRAFT, a hardware and software framework
for long-horizon cable routing. The software pipeline is
shown in Fig. 3. Given the input including an RGB image
and a desired routing configuration C, CRAFT generates
an interface that allows users to observe the desired cable
routing result. It then produces physical action sequences for
the dual-arm robot to route the cable. The specific hardware
and software designs are explained below.

A. Hardware design

1) The modified NIST board and the fixtures

To evaluate cable manipulation performance, we created
a modified version of the NIST Assembly Task Board 4
[35], a standardized benchmark for robotic cable routing.
We designed 5 fixture types: 1) Cylindrical Peg, 2) C-Clip,
3) U-Clip, 4) Y-Clip, 5) Connector, as shown in Fig. 2. The
pegs and C-clips are common fixtures used to constrain the
cable, the U-clip is a type of clamp that requires bimanual
operation for insertion, and the Y-clip and connector are used
as endpoints requiring bimanual and unimanual operation,
respectively. The modified board has the same dimensions as
the NIST board, while has been perforated with many holes
for mounting the different types of fixtures, to accommodate
greater complexity in the routing.

2) CRAFT gripper
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Gripper Components & Assembly

18-8 Steel Shoulder Screw
[ 4— Mounting Bracket

Stainless Steel Ball Bearing
M3 Threaded Insert

50mm

Passive Roller

N «4—M2.5 Hex Screw

Stainless Steel Ball Bearing

4— Lower Cable Guide

Fabricated Gripper

Cable Groove
Lower Guide

Fig. 4. CRAFT Gripper Assembly. Left: Exploded view and assembled view of mechanical components in the CRAFT Gripper. Right: Key features of
CRAFT Grippers: 1) Upper Guide 2) Cable Groove 3) Lower Guide. Fabricated CRAFT Gripper jaws printed using polylactic acid (PLA) filament and

installed on an ABB robot.

Reliable cable grasping is essential for consistent routing.
CRAFT gripper has two identical jaws as shown in Fig. 4.
Each jaw has two lower horizontal guides that can slide
underneath a cable to help lift it from a worksurface. The
upper horizontal guide ensures caging: preventing the cable
from escaping when the jaws are closed. To manage cable
tension, each jaw of the CRAFT gripper integrates a passive
vertical roller mechanism. The roller is mounted on an axel
with press-fitted bearings, allowing it to spin with minimal
friction. The cable grooves ingrained into the roller increases
surface contact with the cable to help the cable remain stably
seated within the roller throughout a routing motion. Each
CRAFT jaw consists of five COTS components and three
3D-printed components and can be assembled in under a
few minutes.

B. Software design

Let the board surface be defined as xy-plane with the
z-axis pointing upward, and its z value is zp. The 3D
coordinates of the previous, current, and next fixtures are
P;, P;11 and P;o, respectively, with same Z values zy.
The distance between the previous fixture and the current
fixture is denoted by d(P;, P;+1). The parameters used in
the algorithm are explained in Table I. There is a variable
length initial section where the cable is non-planar: at
the attachment point Fp, the cable rises out of the planar
worksurface due to the connector, which orients the cable
upward before the cable drapes back down onto the plane,
so two grippers are used to route the cable from Fjy to Fj.
The following gripper close to Fj is defined as G, and the
leading gripper relatively far from Fj is defined as Gr.

1) Initial cable tracing

To automatically determine initial grasp points on the
cable for two grippers, we use HANDLOOM [36], a trained
autoregressive cable tracing approach, to trace the initial state

TABLE I
CRAFT EMPIRICALLY-DETERMINED PARAMETERS THROUGH
PRE-EXPERIMENTS.

Parameter Definition

Height of the fixture

Outer radius of the round peg

Scaling factor to control cable lifting height
Scaling factor to overshoot the peg

Scaling factor to control cable pulling length
Scaling factor to control the gripper rotation angle
Distance offset between the gripper and the U-clip
Orientation of the U-clip on the xy-plane

scaling factor to select a point close to the peg

eI rrET
Sl
L
@

of the cable. This model generates a probability map in each
iteration and greedily selects the next cable pixel point based
on the highest probability. CRAFT starts with F{y, and uses
HANDLOOM to trace the cable and locate two grasp points
on the cable: one at a distance equal to half the distance
between Fy and Fj (grasping with the following gripper
Gr), and the other one at a distance equal to the distance
between Fy and F) plus half the distance between F} and
Fy (grasping with the leading gripper G'). The grippers are
perpendicular to the cable path.

2) Cable routing algorithm

After dual-arm grasping at the initial stage, the following
gripper G moves to the midpoint between Fy and Fj, and
the leading gripper GG1, uses the unimanual cable routing
plan to route the cable around Fj. Then, G releases the
cable and G, continues the routing process. Three different
cable routing primitives, including unimanual, bimanual and
hand-swapping plans, are explained below,

2.1) Fig. 5 illustrates the unimanual cable routing plan: the
action sequences for routing the cable around each fixture
(peg and C-clip) are formulated,
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i+2

Fig. 5. 6 steps of the unimanual cable routing plan. The orange circle
represents a round peg. The leading gripper G, lifts the cable, rotates it to
the next peg, pulls out the cable to reduce slack and routes it around the
next peg.

(a) Starting from the initial position Go(z,y,z) of the
leading gripper, Gz, slides to position GG; to reduce cable
slack and lifts it above the fixtures:

Go(xay) - Pl(x7y)
[Go(z,y) — Pi(z,y)|I’
Ae(0,1), w>1

Gl(l’,y) = Pl(x7y) + Ad(P)’La B-‘rl)

G1(z) = z0 + wh,
(1)

(b) The leading gripper GG, routes the cable to position
GQZ

Py =P+ iy, p>1
Py — P
Ga(z,y) = Pi(2,y) + od (Pi(z,y),G1(z,9) 75— 511
HPT—H - PZH
GQ(Z) = G1(2)7 o>1
(2)

Where 7,1 is the normal vector perpendicular to the vector
from P; to P;iq.
(c) The leading gripper G slides along the cable to

position Gs and overshoots the current peg:

Py — P
1Prs1 = Pl
G3(z2) = Ga(2)

G3(z,y) = Pi(z,y) + ad (P;, Piy1) a>1

3)
(d) The leading gripper GG, moves the cable to position
(G4 to make contact with the current peg:

Pipn— P
G4(a?,y) = Pl(xvy) + 6 HG3(.’E7y) - P’L(x7y)|| H.P:iiflg'n’
G4(Z) = 20, ﬂ >1
4)

(e) The leading gripper G, routes the cable around the
current peg to position Gs:

0 = atan 2 (ugy vy — UyUy, UgVsp + UyVy)
Gs(,y) = Pipa(z,y) + R(O/m) - (Ga(x,y) — Piga(z,y))
Gs(2) = Gal2), m>1
4)
Where & = P;19—P; 11 and ¥ = G4— P; 41, R is the rotation
matrix.

(f) The leading gripper G, repeats the action sequences,
starting with a move to the new position G and then routing
the cable around the current peg until it reaches position G%.
In this way, G, can route the cable around a specific peg
and move to the next one.

2.2) The bimanual cable routing plan for the U-clip (and
the Y-clip) is illustrated in Fig. 6.

(a) The first step for the leading gripper G, in transitioning
to position (G; is the same as unimanual cable routing, to
reduce cable slack and lift the cable above the current fixture.

(b) Based on the position P;;; of the U-clip and its
orientation ¢ on the xy-plane, the goal position G2 of the
leading gripper G, is calculated as:

Ga(w,y) = Pip1(z,y) + sign(gripper) - 7 - (cos(¢), sin(¢))"
Ga(z) = 20 + wh
(6)
Where sign is a sign function, and it is 1 if the leading
gripper G, is the right gripper and —1 with the left gripper.
(c) To generate a proper grasp point on the cable for
the following gripper G, a point P, on the connected
line between the previous fixture and the leading gripper is
calculated as:

P=P+7(Gs—P), 0<7<1 (7)

Then, the camera image is converted to grayscale and thresh-
olded to extract the cable from the background. Starting
from the projected pixel of P, a Breadth-First Search [37]
algorithm is used to find the closest pixel on the cable. This
pixel on the cable is used as the grasp point for the following
gripper G and is projected to 3D space, denoted as Gs.
Furthermore, a small window (15x15) is created, centered
on the pixel point of G3. A Random Sample Consensus
(RANSAC) algorithm [38] is used to fit a line to the
cable pixels within this window. The grasping orientation is
perpendicular to the fitted line, which allows G'r to properly
grasp the cable.
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Fig. 6. 4 steps of the bimanual cable routing plan. The blue rectangle
represents a U-clip that requires bimanual operation. The leading gripper
G, pulls the cable to one side of the U-clip, and the following gripper G'r
grasps the cable and pulls it to the other side of the U-clip.

(d) The following gripper Gr moves to position Gi to
align the cable with the centerline of the U-clip, and it is
calculated using Formula (6) with an opposite sign value.
Finally, the two grippers move downward a distance of wh
to touch the board and insert the cable into the U-clip.

2.3) We use a hand swapping motion primitive to switch
the cable-grasping gripper during routing. To implement this
primitive, the leading gripper G, pulls the cable out by a
fixed distance to move away from the fixtures, and then
the following gripper G grasps the cable using the same
approach described in step (c) of the bimanual cable routing
plan (2.2). There are two cases that can trigger the hand-
swapping primitive:

e After routing the cable around F} using two grippers to
prevent the arched cable from slipping, the following gripper
G'r releases the cable while the leading gripper G 1, continues
the routing process until the routing path changes direction
(ie., the turning angle is greater than 90 degrees), hand
swapping is triggered to swap the cable-grasping gripper.

e Some desired routing configurations have a 360-degree
routing loop, which causes joint limit error with unimanual
routing. To solve this, hand swapping is triggered after
G, has completed half of the loop, with G completing
remaining half.

V. PHYSICAL EXPERIMENTS

The experiments are conducted using an ABB YuMi
IRB 14000 robot equipped with two CRAFT grippers. An
overhead ZED mimi camera is mounted above the robot
workspace (only RGB image is used as input), and a mod-
ified NIST board is placed on a table within the workspace
for cable routing, as demonstrated in Fig. 1.

1) Fixture Routing Difficulty Metric

TABLE II
PERFORMANCE COMPARISON BETWEEN CRAFT AND BASELINE
MOTORCYCLE 1.0 FOR 160 TRIALS (20 FOR EACH CONDITION). THE
COMPLETION RATIO IS THE FRACTION OF FIXTURES CORRECTLY
ROUTED. ‘N/A’ MEANS THAT THE APPROACH CANNOT ACHIEVE ANY
CABLE ROUTING. CRAFT FULLY ROUTES ALL FIXTURES IN 55/80

TRIALS.
Metric Method Tier 1  Tier2 Tier3  Tier 4
. . MOTORCYCLE 1.0  532% 263% 23.6% 18.1%
Completion Ratio

CRAFT 96.7% 87.8% 81.5% 71.9%
. . MOTORCYCLE 1.0 108 N/A N/A N/A

Execution Time (s)
CRAFT 48 74 153 164

To quantitatively evaluate the difficulty of the cable routing
task on the modified NIST board, we formulated a difficulty
metric that considers the number of fixtures and the routing
angles.

S=w

N, +nN, nlp
1 +n b+w Z'L:l r

N 27 ®)

Where N, is the number of fixtures that rely on unimanual
cable routing, including pegs, C-clips and connectors, while
N, is the number of fixtures with bimanual operation,
including U-clips and Y-clips. [V is the maximum number of
fixtures in all routing configurations, €, is the routing angle
between two consecutive fixtures, and 0y,, is the maximum
routing angle by summing all routing angles. w;, ws, and 1
are scaling factors to balance the task difficulty of unimanual
and bimanual operation. In our experiments, the parameters
were empirically set to the following values: w; and ws to
0.5, 7 to 2, N to 10, and 6y, to 1000 degrees.

Cable routing configurations are divided into four tiers
based on the difficulty level: scores between 0 and 0.25
are categorized as Tier 1; scores between 0.25 and 0.5
are categorized as Tier 2; scores between 0.5 and 0.75 are
categorized as Tier 3, and the most challenging case Tier
4 is with a score 0.75-1. Configurations with corresponding
scores are illustrated in Fig. 7.

2) Experimental Protocol

To evaluate cable routing performance, we randomly
sample four different routing configurations for each tier,
and each configuration was executed five times. We used
the recent work MOTORCYCLE 1.0 as the baseline and
reproduced the caging gripper designed by the authors [34].
Both MOTORCYCLE 1.0 and CRAFT were evaluated using
the same protocol, resulting in 160 physical experiments
overall. In each experiment, we calculated the completion
ratio (fraction of fixtures correctly routed) and the execution
time.

Additionally, we extended the physical experiments to
evaluate the effect of the caging gripper and the formulated
cable routing algorithm. We sampled six routing configu-
rations in different tiers where the previous baseline MO-
TORCYCLE 1.0 failed due to the torque limit, and executed
cable routing five times for each configuration. For these
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Fig. 7.

Complete cable routing
55

All Trials

80 Cable gets tangled in the fixtures

13

Incomplete cable routing Gripper drops the cable when twisted
25 9

Incorrect identification of the grasping point
3

Fig. 8. A Sankey diagram of CRAFT failure modes for 80 trials.

extensive experiments, we used the designed low-friction
caging gripper with the MOTORCYCLE 1.0 algorithm,
and then the MOTORCYCLE 1.0 gripper with the CRAFT
algorithm for cable routing.

3) Results

Table II shows a comparison study of cable routing based
on routing configurations in different tiers. As shown in
Fig. 8, the failure cases in CRAFT are due to three issues:
1) the cable tail gets tangled in the fixtures, preventing the
gripper from moving to the next step, 2) the low-friction
caging gripper drops the cable during routing, which is
more evident when the cable is twisted at a large turning
angle, and 3) the grasp point is not identified correctly
during the bimanual operation. Regarding execution time,
Table II shows that CRAFT can route the cable faster
than MOTORCYCLE 1.0, approximately 10-20 seconds per
fixture, mostly due to robot execution time. Table III shows
an ablation study.

8 routing configurations with Tier difficulty level (1-4) and difficulty score (0.00-1.00).

TABLE III
ABLATION STUDY USING DIFFERENT COMBINATIONS OF CABLE
ROUTING ALGORITHMS AND GRIPPERS IN 120 TRIALS (30 FOR EACH

CONDITION).
Method Completion Ratio
MOTORCYCLE 1.0 25.0%
MOTORCYCLE 1.0 Algorithm + CRAFT Gripper 33.9%
CRAFT Algorithm + MOTORCYCLE 1.0 Gripper 66.7%
CRAFT 88.3%

VI. LIMITATIONS AND FUTURE WORK

In physical experiments, the CRAFT gripper sometimes
dropped the cable. In future work, we will refine the gripper
structure, such as integrating the eagle-fingernail gripper
from [29]. Additionally, including a force sensor to perceive
the grasping force may help dynamically adjust the force in
different cable routing phases.

In the future, we will introduce active perception with
more side cameras to improve management of cable and
gripper positions using dynamic parameters during robotic
cable routing.
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