WireSculptor: Interactive Guided Bending
Workflow for Novice-Friendly Wire Sculpture
Fabrication

Runze Xue', Fei Yu', Baohang Zhou!, Jialu Wang!, Fan Zhong', Qiong Zeng®,
and Haisen Zhao!

Shandong University, 72 Binhai Highway, Qingdao, China
runzexue@outlook.com, maxmilitew@gmail.com, nychthelior@gmail.com,
jialuwangl1@gmail.com, {zhongfan,qiong.zn,haisenzhao}@sdu.edu.cn

Abstract. This paper presents WireSculptor, an innovative interactive
system designed to enable novices to create complex wire sculptures
through an interactive guided bending workflow. In wire structure fabri-
cation, manual bending offers flexibility in shaping intricate forms but is
mainly suitable for experienced experts. To bridge this gap for novices,
we construct a closed-loop guided bending workflow, which organically
combines a visualization module for presenting precomputed bending in-
structions, and a bending error checker module for real-time error detec-
tion and feedback. To seek the most comfortable and effective bending
setups for beginners, we apply a formative study on novices’ bending
operations, where we test different bending settings to see how they af-
fect the forming quality and time novices take. Leveraging formative
study findings, we craft bending instructions with a coarse-to-fine ap-
proach. First, users bend large-scale wire units segmented by bending
points of salient curvature change. Following this, they make precise ad-
justments guided by instructions from a graph-cut-based line-circular
segment fitting method. Technical evaluations demonstrate that most
first-time users achieve higher accuracy when guided by our method
compared to the unguided methods, all while preserving artistic expres-
siveness. Furthermore, several application areas have been explored in
greater depth, namely artistic fonts, line art, and the physicalization of
children’s line drawing.
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1 Introduction

Wire sculpture involves crafting sculptures using wire, with roots in 2nd Dynasty
Egypt and the Bronze and Iron Ages in Europe [27]. Today, wire sculpture re-
mains of great significance in various modern contexts, spanning artistic creation,
industrial design, handicraft education, and kinetic art installations [40]. While
manual bending offers artistic flexibility for intricate wire shapes but challenges
novices due to limited spatial cues, requiring substantial time and practice to
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WIRESCULPTOR

Fig. 1. For the input single-line wire sculptures (left), novice users utilize the proposed
WireSculptor system to perform bending operations. The figure on the right demon-
strates the resulting fabricated sculptures.

master [31I]. Another potential challenge is that this manual process may be
error-prone, discouraging artists, especially novices, to shape their ideas with
the wire sculpturing. Conversely, automated machines bending offers high preci-
sion for industrial applications, it struggles to achieve the geometric complexity
and artistic flexibility inherent in manual freehand bending [2]. Furthermore,
hybrid approaches, like [41], integrates both strategies by adjusting the target
shape to be collision-free for the wire bending machine and then having a human
revert it to the target. However, such automated wire bending machines are not
easy to afford for a novice users. This paper focuses on empowering novices to
create wire sculptures with complex geometric features through manual bending.
It aims to address the critical gap in guided workflows tailored to their needs in
the specific applications. These applications range from creating prototypes of
artistic fonts and line arts, to crafting Cloisonné works, and even physicalizing
children’s line drawings, as depicted in Figure

The unique material characteristics of metal wire, including high elasticity
and easy deformability, pose significant challenges for manual manipulation due
to the inherent complexity and precision required [14]. Existing manual bending
workflows rely heavily on expert intuition. Skilled practitioners optimize bending
sequences by balancing global structural planning with local precision, leveraging
years of experience for mature craftsmanship [I3]. Novices, however, often lack
such holistic understanding, resorting to trial-and-error approaches and various
physical aids for manually aligning. These assistive tools may include 2D paper
blueprints [43], or 3D-printed jigs that allow users to wind the wire into the preset
cavity channels [T932/3T]. While these methods can enhance the rigid geometric
accuracy of wire sculptures with relatively low geometric complexity, they still
pose challenges when it comes to wire shapes with a lot of geometric details or
many self-intersections [43]. This is because the physical assistance they provide
becomes a limiting factor for novices, where it’s hard for the novices to determine
a feasible bending sequence. These methods fall short of offering clear, step-
by-step guidance. As a result, novices lack support in crucial decision-making
areas such as step sequencing and error rectification. Moreover, it is extremely
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Fig. 2. Wire sculptures: Word art wire, 3D Ballerina art, parent-child activities, Cloi-

sonne. [TOITGIAT].

challenging for novices to learn from a wire-bending expert, as such experts are
rare and often difficult to access.

To tackle the issue of novice wire sculptors lacking sufficient guidance, we
aim to further amplify guidance with a step-by-step visual instruction guided
bending workflow for novices. As far as we know, the existing research work in
this regard is still in its preliminary stage. Interactive guidance based on mixed
reality [II] has proven transformative in domains like assembly tasks [37] and
training for construction works [28] and team sports [6], yet remains scarcely
explored for wire sculpture fabrication via bending operations [8]. We identified
Dong et al . [§]’s study as the most relevant to our work, where they introduce
ARAWTS, an AR-aided wire-bending training framework for orthodontics. It
presents four standard training exercises and delivers feedback and improve-
ment suggestions through gesture recognition [8]. However, ARAWTS is mainly
oriented towards specific bending operations in orthodontic treatment and does
not generate sequential guidance for arbitrary wire shapes.

To bridge this research gap of providing an interactive guided bending work-
flow, our key design philosophy prioritizes guiding novice operators through each
step of the bending process. In this paper, we propose two fundamental bending
operations: the bend operation for creating line segments and the curve opera-
tion for forming circular segments. To learn the novice users’ technical limita-
tions and preferences, we conduct a formative study to identify optimal bending
configurations by examining how different parameters (such as the length of
line segment, length of circular segment) influence both forming quality and op-
erational efficiency. Building on these findings, we propose WireSculptor, a
closed-loop guided bending workflow (illustrated in Figure [4)), with the following
key capabilities:

— a dual-scale decomposition approach using a coarse-to-fine strategy: the in-
put wire is first divided at points of salient curvature change for users to
shape large wire units; in the fine level, a graph-cut algorithm fits line-
circular segments to assist users in refining wire bends accurately.

— a visualization module simultaneously presents wire deformation and hand-
posture animations during each bending operation. These animations are
rendered at a scale identical to the physical setup, ensuring accurate and
intuitive guidance.
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— a real-time quality detection module, highlighting inaccuracies in the wire
with visual feedback to enable quick error identification and rectification.
Additionally, it determines whether the user can advance to the next step
based on the accuracy assessment.

Our main contribution is WireSculptor, the first guided bending workflow
that empowers novices to fabricate intricate wire sculptures through step-by-
step visual guidance and real-time error correction. Unlike traditional unguided
approaches, in our experiment, we demonstrate its versatility through four ap-
plication domains: artistic fonts, line art, wire-wrapped jewelry, and physicalized
children’s drawings. In the comparison, WireSculptor enables that most partic-
ipants to bend wire sculptures with higher accuracy compared to two unguided
approaches (static blueprints and jig-based assisted method). Furthermore, we
demonstrate that WireSculptor is flexible to support diverse creative use cases,
including artistic fonts, line art, and the physicalization of children’s line draw-
ing. WireSculptor’s key contribution to HCI is demonstrating that an interactive
guided strategy benefits novices in sculpture fabrication. Its system design also
inspires other similar applications.

2 Related Work

2.1 Manual Wire Bending Techniques

Traditionally, manual wire bending has depended on skilled artisans’ intuitive
control of force and spatial reasoning [I3], posing challenges for novices due to
the absence of spatial and structural indicators [46]. To assist novices, researchers
have developed various physical aids ranging from 2D templates [43] to 3D assis-
tive devices, which are well designed for specific wire shapes and fabricated using
3D printing techniques. Garg et al. [15] create a 3D scaffold through laser cutting
to assist the manual bending process of wire mesh. Iarussi et al. [19] produce
physical jigs by extruding support walls from 2D jewelry drawings to guide wire
wrapping operations. Torres et al. [32] propose ProxyPrint, a fabrication and
construction proxy that enables a high-fidelity wire bending process. Wang et
al. [29] propose FlexTruss with a construction pipeline to assemble truss-shaped
objects by threading. [39] generate surface grooves on 3D models to serve as
wire molds. More recently, Toji et al. [31I] produce 3D-printed jigs for guiding
the fabrication of multi-view wire art by humans.

While existing methods assist the manual bending process by providing spa-
tial constraints, allowing novices to wrap wires around physical assistive devices,
their utility diminishes significantly for complex shapes. As the target geometry
grows intricate, these assistive structures themselves become increasingly elab-
orate, introducing new cognitive burdens: novices must not only navigate the
device’s physical complexity but also deduce operation sequences autonomously.
Conversely, WireSculptor’s intention is to assist novices at each step of the wire
bending process.
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2.2 Automated and Hybrid Bending Systems

In addition to manual methods, wire-bending machines for automatic bend-
ing [2], are extensively utilized in the industrial production of structural wire
products. This includes elastically deforming wire structures that act as the
skeletons for kinetic wire figures, as described in [42l24]. However, manufactur-
ing most complex wire sculptures, especially those with many self-intersections,
directly using wire bending machines poses challenges. Thus, the hybrid strategy
combining machine and human wire bending techniques has been suggested: 1) a
"decompose-then-assemble" strategy: first split the complex wire sculpture into
fabricable sub-wires (planar rods [26] or Eulerian wires [23I3]), then manually as-
semble them into the final wire sculpture. 2) a “machine-then-human-bending”
strategy with two bending stages is proposed in [41I]. In the machine-bending
stage, the wire bending machine realizes the deformed wire to ensure a collision-
free CNC bending process. In the human-bending stage, with human assistance,
the deformed wire is bent back to the target shape.

The mentioned automatic bending techniques produce rigid commands while
considering the constraints of wire bending machines. Among the hybrid tech-
niques featuring a manually-operated stage, there is a lack of step-by-step dy-
namic guidance during the human operation process. In contrast, WireSculptor
guides novices through the bending steps, considering their skillset and prefer-
ences, where we perform an empirical study on novices’ bending operations.

2.3 Guidance Assisted Fabrication

Guided workflows play a crucial role in enabling novices to acquire skills in
the realm of crafts. Interactive guidance based on mixed reality [I1] or online
video parsing [37] has demonstrated its revolutionary impact in various fields,
including, construction work training [28|, team sports [6], rapid prototyping of
breadboarded circuits [21], and active assembly [37I8]. For the design and fabri-
cation of wire sculpture, mixed reality technologies have been applied. Examples
include Pen2VR [22] and Y-AR [12], two mixed-reality systems for wire art de-
sign using a VR controller or hand gestures. WireDraw [40] is an augmented
reality system for 3D wire object drawing with a 3D extruder pen. Except for
ARAWTS [g], such interactive guidance techniques have rarely been applied to
manual bending-based wire sculpture fabrication. ARAWTS uses AR to guide
wire bending for dental applications, focusing on gesture recognition and error
feedback. However, it is tailored to specific orthodontic wire types and lacks sup-
port to generate sequential guidance for arbitrary shapes. To address the above
issue, we aim to further enhance the guidance through an interactive guided
bending workflow tailored for novices.

2.4 Guidance Workflow Planning

This section presents related works on guidance fabrication workflow planning
methods to assist human manual operation. Miguel et al. compute the stability-
aware assembly sequence to assemble a set of planar-rod wire contours into a
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single one [26]. Yu et al. propose LineUp, which generates a collision-free phys-
ical transformation motion to guide users in converting a single-line structure
into a 3D model [45]. Liu et al. presents a motion planner algorithm for the
robot arm to collaborate with a wire-bending machine to perform 3D metal wire
curving [25]. Wang et al. propose an integrated design, simulation, and fabrica-
tion workflow for self-morphing electronics [38]. Yu et al. develop a process for
crafting customizable interactive textiles [44]. For the guided bending workflow
planning, Yang et al. [43] breaks a single-line 3D wire shape into near-planar
segments, which can be printed into a set of blueprints to guide manual work.
Wu et al. first decompose the input wire into a sequence of fabricable bending
segments that comply with machine constraints [41], and then generate G-code
bending commands for the wire-bending machine. During the manual bending
stage, they do not provide specific instructions for users to bend the tuned points
to the specified angles.

In conclusion, while prior work has explored manual aids and automated sys-
tems, no existing solution provides a closed-loop guided bending workflow that:
1) simplifies wire sculpture shapes into novice-friendly bending operations, 2) de-
livers sequential interactive guidance, and 3) provides real-time error correction.
WireSculptor fills this research gap by combining algorithmic wire decomposi-
tion, interactive guidance of animated bending instructions, and feedback mech-
anisms, enabling novices to create intricate wire sculptures with unprecedented
efficiency.

3 Design Exploration

Our core research question is how to design a wire sculpture system that effec-
tively guides novice users in performing bending operations. To address this, we
first summarize our design goals and then present our design framework.

3.1 Design Goals

The aim of wire sculpture guidance is to enhance novice users’ quality and effi-
ciency during the wire bending workflow. Based on literature review and informal
semi-structured interviews with two artists, we identified three design goals:

— D1. Provide novice-friendly instructions. As our workflow is intended
for novice users, the system should decompose complex wire sculpture de-
signs into a sequence of simple, manageable steps. Each instruction should
be easy to follow and executable with minimal prior experience or training.
One of the artists we interviewed pointed out that “I can naturally come up
with each subsequent step, but this might be hard for beginners.” And an-
other artist pointed out that “Novices often fail to organize global structural
planning. But global structural planning remains critical for wire sculptures.”

— D2. Introduce step-by-step guidance via animations. To help users
stay aligned with the design intent and track their progress, the system
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should incorporate animated visual guidance—such as illustrating the bend-
ing process—and highlight the correspondence between each bending opera-
tion and the intended target shape. One of the artists we interviewed pointed
out that "Novices lack of the ability to observe.” And another artist pointed
out that “It would be beneficial for beginners to have mentor for teaching
handcrafts step-by-step.”

— D3. Present intuitive quality evaluations. The system should offer real-
time, easy-to-understand feedback to help users detect and correct bending
inaccuracies. For example, visual cues and performance metrics could be
applied to guide users in refining their operations and improving overall fab-
rication quality. The artist pointed out that “I can’t complete my handcrafts
without iteratively tuning it according to the goal in my mind.”

3.2 Design Framework

Motivated by the design goals identified above, we propose an interactive wire
sculpture workflow specifically tailored for novice users. We structure the work-
flow design around four key aspects. First, we examine and explore fundamental
parameter configurations in the human bending process. Next, we derive novice-
friendly and executable fabrication instructions from a complex design. Following
this, we identify the essential elements for effective guidance visualization and in-
teractive feedback. Together, these components support novice users in sculpting
wire structures step by step with improved accuracy and confidence.

Aspect 1: Human bending model. A core component of our workflow is a human
bending model that captures how novice users perform wire bending under dif-
ferent bending configurations, which is essential for informing the design of fab-
rication instructions that are both executable and novice-friendly. To construct
this model, we first conducted a formative study that systematically evaluated
the effects of bending radius and angle on two key performance metrics: bend-
ing accuracy and time cost. By analyzing the collected data, we built predictive
models that estimate user performance across various radius—angle combina-
tions. These models are fundamental to generating novice-friendly instructions
for fabrication steps that minimize error while maximize efficiency.

Aspect 2: Novice-friendly instructions. Novice-friendly instructions refer to a
sequence of wire bending operations that are automatically translated from an
input design. To generate these instructions, we adopt a dual-scale decompo-
sition approach to divide the input wire, which transforms the original design
into multi-level geometric primitives (coarse: large wire units; fine: line-circular
segments), enabling a quick coarse-to-fine bending operation.

Aspect 3: Augmented guidance. Augmented visualization provides intuitive, real-
time guidance by overlaying key cues—such as bend angles, directions, and se-
quence—onto a 3D virtual wire model. This visualization module guides novices
through the fabrication process by presenting precomputed bending instructions
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in an interactive and spatially meaningful way. Users align their physical opera-
tions with the animated guide, which serves as a dynamic scaffold that supports
step-by-step execution.

Aspect 4: Intuitive feedback. Timely feedback is critical for preventing error accu-
mulation during step-by-step wire fabrication. To address this need, we introduce
a bending quality detection module that provides real-time error detection and
corrective feedback. This lightweight mechanism continuously monitors devia-
tions between the user’s current bending result and the ground-truth geome-
try. When discrepancies are detected, the system issues intuitive alerts through
color-coded visual overlays and concise textual prompts. These feedback cues
help users quickly identify and correct errors.

4 Human Bending Model

Fabrication Time Cost Heatmap (in minutes)

(a) Web-based (b) Photographic(c) Error Rates Heatmap(d) Time Cost Heatmap
Interface Apparatus The lower the better.  The lower the better.

Fig. 3. An overview of the setups and results of our formative study. (a) The web-
based interface to provide instructions for participants, with an example stimulus. (b)
The high-speed photographic apparatus we used to capture the manually-bent curves.
(c) - (d) The results of our formative study. Results demonstrate that larger radius and
angle lead to lower error rates, while ultimate radius (> 12 cm) and angle (> 180°)
lead to sharp increase in the fabrication time cost.

We aim to construct a human bending model that can identify optimal bend-
ing configurations for achieving high-quality and high-efficiency, novice-friendly
operations. To this end, we first explore the research question: how the accuracy
and time cost for novice users to bend a simple wire segment under different
bending radii and angles? This question guided the design of a formative study
to collect bending data from human subjects and to build a fitting model that
interpolates between the tested values, enabling generalization across different
combinations of bending radii and angles.
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Table 1. The analysis result of the effects of bending radius and angle on error rates
and time cost, using the ANOVA method. All P values < 0.05, indicating that both
bending radius and angle show significant effects on both error rates and time cost. *:
p < 0.05, ¥*: p < 0.01, ***: p < 0.001.

Factor Error Rates Time

F P F p
Radius 152.85 HA* 127.11 HoAK
Angle 4.97 * 168.94 HoAK

4.1 Formative Study

We conducted a formative study using a two-factor mixed design to examine the
effects of bending radii and angles on the error rates and time costs of human
bending operations. The two factors in the study are bending radius and bending
angle, with a between-subjects design for bending radius and a within-subjects
design for bending angle. Participants were required to bend a straight wire
according to specific bending radii and angles. To mitigate learning effects, the
presentation order of stimuli was randomized. The primary dependent variables
were the quality of the bent wire, measured as the symmetric mean absolute
percentage error (sMAPE) and the corresponding ground truth arc curves, and
the time cost of the bending operation.

Stimuli. To simplify the bending curve and facilitate analysis, we generated a
set of arc curves with varying bending radii and angles. Specifically, we defined
the bending radius as the curvature radius of the arc, which was set to 1 and
3xn (n=12..5), with the unit of centimeters. We measured the bending
angle using the central angle of the arc, which was set to values 30 x m (m =
1,2,---,12) with the unit of degree. In total, we generated a dataset of 72 unique
visual stimuli. An example of our stimulus, along with the study interface, is
shown in Figure 3| (a).

Participants. We recruited 24 participants with no prior experience in wire sculp-
ture from the local university, majoring in computer science, law, economics,
cryptography, and electric engineering. The sample size was determined based
on an anticipated effect size of 0.8 and a statistical power of 0.7, equal to the
minimum requirement of 12 participants (2 groups x 12 participants). Partici-
pant demographics included 17 males and 7 females, aged 18 to 25 years. Each
participant was compensated approximately 10.32 dollars for their time, with an
average task completion time of 75 minutes.

Tasks. Each participant was required to bend lines to replicate the shape of
an arc curve displayed on the screen as accurately and quickly as possible. For
each trial, we recorded the participant’s bent curve along with the time taken to
complete the task. The manually bent curves were captured using a high-speed
photographic apparatus (see Figure 3| (b)).
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Procedure. The experiment consisted of three phases. Participants began with
a training phase involving three trials. They then proceeded to the line bending
phase, which consisted of 36 trials, with a five-minute rest after completing the
first 18 trials. After each trial, participants were required to place their bent
curve under the photographic apparatus and capture a photo. The stimuli were
randomized to minimize ordering and learning effects. Finally, participants com-
pleted a demographic information questionnaire. All phases of the experiment
were conducted in a controlled, well-lit room, with participants seated approxi-
mately 55 cm from a screen with a resolution of 3840 x 1080 pixels.

Collected Data. We retained all data from the participants, resulting in a total
of 864 trials. For each combination of bending radius and angle in a trial, we
computed the SMAPE and time cost for each participant. Results are shown in

Figure [3| (¢)-(d).

No. Proceed to Next Step.

¥
EETR I T R v ot g ) (e
)
N =
4 A Re-Check
) 2) 3) ) (5) 6) )

Fig.4. The overview of our workflow. By watching the animated visualization and
follow the instructions (2), the user perform operation (3) to deform the wire in order
to fabricate the wire sculpture (7). Along with this process, the real-time error checker
with feedback enables the user to make corrections (4) - (6).

4.2 Analysis & Model Construction

Based on the collected data from the user study, we first analyzed the impact
of bending radius and angle on error rates and time costs during the bending
process, using the ANOVA method. As shown in Table [1] we found significant
effects of bending radius and angle on both error rates and time costs.

To construct the human bending models, we begin with two radius—angle
metric tables representing error rates and time costs for specific combinations
of radius r and angle 6, denoted as T.(r,0) and Ti(r,8), respectively. In both
tables, rows correspond to bending radii, columns correspond to bending angles,
and each cell contains the average SMAPE in T, or average time costs in Tj.
Figure |3| (b) presents the averaged error rates (denoted as sMAPE) and time
costs. We model both the error rates and time costs for an arbitrary combination
of radius and angle using bilinear interpolation [7], which preserves trends and
captures smooth transitions across radius-angle values and supports estimation
for general combinations.
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4.3 Findings

Overall, our results show statistically significant impacts of both bending radii
and angles on both error rates and time costs during the bending processes.
Based on our statistical analysis and models, we summarize the key findings of
the human bending model:

— Effect of bending radius. Error rates decrease as the bending radius in-
creases. Sharper curves (i.e., smaller radii) introduce greater difficulty for
novice users, resulting in higher error rates.

— Effect of bending angle. Error rates decrease as the bending angle in-
creases. However, when the bending radius > 12 cm and the bending angle
beyond 180°, the fabrication time cost will sharply increase as the angle in-
creases, where the bending path becomes substantially longer. We find that
moderate angles (60° ~ 120°) tend to yield lower error rates without causing
significant time costs.

— Novice-friendly design. We recommend avoiding combinations of small
radii and large angles when designing novice-friendly tasks. Wire sculptures
can be optimized with radii larger than 6 cm and angles smaller than 120°
to maximize accuracy and efficiency.

5 Wire Sculptor

5.1 Workflow Overview

We first provide an overview of the proposed interactive guided bending work-
flow, which is illustrated in Figure [d] Given a wire fabrication task, the system
first coarsely decomposes the wire design into salient structural units, then finely
fits each unit with simple line-circular segments, thus generating novice-friendly
instructions with human bending model (Section ) accordingly. Thereafter, ani-
mated visualization guides novices through the fabrication process by presenting
these instructions. Along with this process, interactive real-time error checking
and feedback are provided.

From the user’s perspective, in one fabrication task, the user gradually de-
forms a straight wire into the final desired sculpture by repeating the following
closed-loop steps:

1. The user starts with a straight piece of wire (Figure {4 (1)).

2. The user watches an animated novice-friendly instruction that demonstrates
how to perform a small, localized fabrication operation (Figure [4] (2)).

3. The user then freely performs the operation using any tools or hand tech-
niques they prefer (Figure [4] (3)).

4. At any time during or after the operation, the user can place the wire under
the high-speed photographic apparatus to receive feedback (Figure [4] (4)).

5. The workflow automatically checks the accuracy of the current progress (Fig-

ure [4] (5)).
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(a) Wire Decomposition  (b) Animated Visualization (c) Real-Time Error Checker

Fig.5. The overview of our modules. Given an wire design as input, we first divide
it into a coarse-to-fine bending segments (a). Subsequently, we generate an animated
visualization guide for each fabrication step for guidance, demonstrating the operations
required (b). Within each operation, an error checker (d) is utilized to check the current
progress and provide visual feedback by highlighting inaccuracies.

(a) If the progress is sufficiently accurate, the workflow proceeds to the next
step (proceeding to step (2)), or reports that all instructions are finished
(proceeding to step (7)).

(b) If inaccuracies are detected, the system highlights the inaccurate regions
in an overlaid image, enabling users to easily identify and rectify the
issues, then the workflow proceeds to step (6). Alternatively, the user
could interactively skip to next step (proceeding to step (2)).

6. The user freely correct the wire sculpture based on the highlighted inaccu-
rate region. At any point during the correction process, the workflow can
transition to step (4).

7. If all instructions are finished, the overall fabrication is completed.

We propose three central modules that collaboratively drive the WireSculptor
workflow, enabling a guided fabrication experience, as shown in Figure

— Wire Decomposition. This module includes a dual-scale decomposition
approach to divide the input wire into coarse-to-fine bending segments, en-
abling generation of structured wire bending instructions.

— Animated Visualization. For each step, we generate an animated guide
that visually demonstrates the operation required, aiding user comprehen-
sion and execution.

— Real-Time Error Checker. Within each operation, the system captures
images of the current progress and evaluates its alignment with the target,
offering visual feedback to assist users in correction.

5.2 Module 1: Wire Decomposition

This module decomposes complex wire designs in a coarse-to-fine manner, serv-
ing as a basis for generating animated wire bending instructions in Section [5.3
It employs a dual-scale decomposition approach. Given an input wire design, the
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(a) Input Design (b) Salient Structual Units Decomposition(c) Line-Circular Segments

Fig. 6. The process of our dual-scale wire decomposition. Given a vector graphic as
input design (a), we first decompose it into salient structural units (b) - (c). There-
after, for each unit, we fit it with simple line-circular segments (d). These line-circular
segments and units will be utilized in the generation of animated visualization.

dual-scale decomposition approach first decompose it into several salient struc-
tural units {Up, Uy, -}, and subsequently fit each unit U; with a sequence of
simple line-circular segments St = {gpfina! g el ...} Ag illustrated in Fig-
ure [6] this dual-scale decomposition approach involves coarse-level: unit wire
decomposition and fine-level: graph-cut-based segment fitting.

Coarse-level: Unit Wire Decomposition Given a vector graphic of the wire design
as input, the dual-scale decomposition approach aims to divide it into a sequence
of units {Up, Uy, - - - } at points of salient curvature change for users to shape large
wire units. First, uniformly sample a sequence of points along the input wire.
Then, compute the tangent line at each sampling point, which can be readily
converted into a planar angle between the tangent line and the coordinate axis.
Starting from one end of these sampling points, a traversal process is executed
along the wire to generate each segment U; with two criteria: 1) a total length is
less than 10 cm or 2) the cumulative amount of planar angle change is less than
120°.

Fine-level: Graph-Cut-Based Segment Fitting At the fine level, each unit is bro-
ken down into line-circular segments to assist users in applying the bending
operations and to refine wire bends accurately. We adapt a graph-cut based seg-
ment fitting technique originally proposed in [41] for a wire bending machine.
This adaptation is feasible because, as shown in [2], the interpolated bending
strategy can realize line-segments, and the strike bending strategy can realize
circular segments. These two types of bending segments are also essential for
novice users. The graph-cut based segment fitting technique starts with gen-
erating candidate line-circular segments from each sampling point of a single
line curve through a forward-and-backward traverse and a line-circular fitting
procedure; these produced line-circular segments often overlap, so a graph-cut
decomposition helps resolve the overlaps.

In our case, we generate candidate line-circular segments S*»¢ = {sge*»?, ;224 ... }
similarly but make a key change in the second step for resolving overlaps, with
the consideration of these findings from Section [d] For each unit U;, we con-
struct a graph G = (V, E, L). Assuming that the unit U; contains n + 2 sam-
pling points P = {po,p1, - ,Pn+1}, the vertex set V represents a segment set



14 R. Xue et al.

init

Sinit = { g™t gy ... g, ™} where for each segment ;™ it linearly connects
two adjacent points p;,p;+1. The edge set E is the samphng points P, where
each p; € P connects segments s;™* and s;4.1™". For each vertex s;™* € ™t
we aim to allocate a candidate line-circular segment [; = 5;°*** as its label. Our
goal is to find an allocation L = {ly,---,l,} that minimizes the loss term L,
which is defined by:

n n—1
L= Zﬁd(simity lz) + Z »Csm(lia li+1) + »Cmin(L)' (1)
=0 =0

init

L4 denotes the data term measuring the cost of allocating [; for s;™"* and is

defined by:

A - E (L init 1 e(li) A2 init iy |
oy [ s (1 )

00 otherwise

; (2)

where £ denotes the maximum Euclidean distance between [; and all s;™* cov-
ered. A1, Ao are hyper-parameters, and e denotes the difficulty of novice fabri-
cation, which is calculated via interpolation on a lookup table filled with our
formative study data. e(l;) is defined by:

interp (Te;7(1;),0(L;)) 1; is a circular segment
e(t) ={ () B

0 otherwise

where r(l;),0(l;) denote the curvature radius and angle of the circular segment
l;, and interp (Te;7(1;), 6(1;)) is calculated via bilinear interpolation on the error
rate metric table T, (see in Section .

Lsm denotes the smoothness term measuring the cost of allocating differ-
ent labels (candidate segments s;°**!) for the adjacent vertices s;™, s;41
Lom(li,liv1) is set to 1if I; # 141, otherwise, it’s set to 0.

L nin is utilized to minimize the number of final segments and is defined by:

Luin(L) = > Ast(si™"), (4)

g;cand g Geand A g, cand gccurs in L

init

“and

where A3 is one hyper-parameter, and #(s;**"") is defined by:

, ()

H(sim) interp (T3;7(s;*"), 0(s;%*")) ;%™ is a circular segment
Si =
’ 0 otherwise

where 7(s;°*), 0(s;°**!) denote the curvature radius and angle of the segment
si and interp (Ty; r(s;°*"?), 0(s;°**)) is calculated via bilinear interpolation
on the time cost metric table T} (see in Section [4.2)).

By finding the allocation L that minimizes the loss term L, we resolve over-
laps with the consideration from Section [} The final fine-level wire segments
Sfinal = fggfinal g final ... 1 that fit the unit U; can be obtained then by removing
duplicate elements from L. S™® will be utilized in the generation of animated
visualization.
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5.3 Module 2: Animated Visualization

The animated visualization module is engineered to create novice-friendly bend-
ing instructions, offering visual guidance to inexperienced users during the bend-
ing process. This is accomplished by transforming the decomposed dual-scale
segments: the coarse-level structural wire segments {Uy, Uy, - -} and the fine-
level wire segments Sfinal = {gfinal gfinal .1 into animated instructions, as il-
lustrated in Figure[8] To balance fabrication simplicity with shape fidelity, users
are not prompted to start bending immediately after one animation of each in-
dividual fine-level line-circular segment; instead, animations are grouped based
on coarse-level decomposition. All fine-level animations within each unit U; are
played in sequence, and then users perform the bending operations following the
entire set of animations in that group.

Bend

Curve

(a) Start (b) Process (c) End

Fig. 7. Illustrations of our two atomic bending operations. With bend or curve op-
erations (a) - (b), novices can easily and conveniently fabricate nice-looking line or
circular segments (c).

Therefore, the key technical challenges to realize the animated visualization
module are twofold: 1) Determining the appropriate bending operations for the
two types of fine-level segments (line segment and circular segment); 2) Develop-
ing a method to generate animated instructions that effectively visualize these
bending operations.

Determining bending operations To address the first technical challenge, we in-
troduce two fundamental fabrication operations (atomic bending operations):
the bend operation for creating line segments and the curve operation for
forming circular segments, illustrated in Figure [7]

— In the bend operation, the user exerts force at a pre-determined bending
point on the wire, resulting in the wire folding at a particular angle.

— In the curve operation, the user gradually applies a uniform bending force
along a section of the wire, thereby shaping it into a circular arc with the
desired curvature.
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Generating animated visualization To address the second challenge of generat-
ing animated visualization instructions for these atomic bending operations, we
generate wire deformation animations to illustrate the wire’s deformation proce-
dure, and hand-gesture animations to demonstrate how the designated segment
should be manipulated by hands, implemented with the Unity Engine [33].

— To generate the wire deformation animation for each atomic bending oper-
ation, we uniformly perform linear interpolation over a specific time period.
This interpolation is carried out between the pre-bending wire shape and
the post-bending wire shape. The post-bending wire shape corresponds to
the target bending segment, while the pre-bending wire shape represents the
wire’s configuration prior to applying the bending operations. Specifically,
for the bend operation, the initial bending angle is set to zero; for the curve
operation, the circular segment initially exists as a straight line segment.

— To generate the hand-gesture animations for each atomic bending operation,
we meticulously set the positions of two 3D hand models. This process can
be divided into two aspects: 1) For the bend operation, we place the two
hand models on the two adjacent line segments connected by the bending
point, at a distance of 1/4 of the length of the line segment from the bending
point. 2) For the curve operation, we position the right hand models along
the bending point throughout the animation. For the left hand, when making
the first 5 cm of the segment, it remains at the beginning of the segment.
Afterwards, it is positioned 5 cm away from the right hand.

rrvjer]e
- A

) Start ) Process ) Process (d) End

Bend

Curve

Fig. 8. Visualization of our wire deformation animation and hand-gesture animations.
For the wire deformation animation, we uniformly perform linear interpolation over a
specific time period.

As illustrated in Figure [§] these operation-wise animations offers clear, ac-
tionable feedback, enabling novices to follow complex fabrication with minimal
ambiguity and difficulties. Additionally, the generated 3D wire and hand-gesture
are with identical scale to the physical setting, where the length of the wire pre-
cisely corresponds to its real-world counterpart, ensuring accurate guidance, and
the size of demonstrated hand’s model is approximated to the real setting.
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5.4 Module 3: Real-Time Error Checker

g ® Input Skeleton
= ® Endpoints

Q

]

fan

-

"

=

]

§ Z

(a) Original Captured Image (b) Binary Mask
Tg ® Input Skeleton ® Input Skeleton Acc.: 50.43%
68 ® Unaligned G.T. ® Aligned G.T.
® Wire

°8 Completed
+ e Correct

5 Mismatch

g /\/
o0

= P

< /

i
(e) After Alignment (f) Evaluation Result

(d) Before Alignment

Fig. 9. Illustrations of the processes of our error checker. After capturing the image
of the user’s progress (a), we first pre-process the image to obtain a binary mask (b),
and perform skeletonization to obtain a wire skeleton (c). In the meanwhile, we find all
endpoints and intersections (marked as green points in (c)) of the wire skeleton. These
points will be used in the following alignment process (d) - (e) to reduce the searching
space, thus reducing the computational burden and increase robustness. The alignment
process is shown in (d) - (e), where the ground truth are represented as orange curves.
After evaluation (f), we provide users with the accuracy of current progress. The user’s
wire are marked as yellow curves, the completed and accurate (correct) ground-truth
are marked as blue and green curves, while the inaccurate (mismatched) parts are
highlighted as red curves.

This module features a real-time error checker to evaluate the user’s progress,
which captures the real-time sequence of images by a photographic apparatus,
and compares it to the target line-circular segments S, Based on the accuracy
assessment, it decides if the user can proceed to the next step. Moreover, the
checker highlights inaccuracies in the wire with visual feedback, allowing users
to quickly identify and rectify errors. This real-time functionality maintains fab-
rication accuracy while offering intuitive guidance for corrections.

As depicted in Figure [0 when provided with a captured image as input, we
employ the following processing pipeline:

Green-blue Region Detection. Recall that users can interactively skip to the
next step, even when the current wire product fails to meet the required accu-
racy threshold. This functionality is enabled by using a printed green-blue card-
board (see Figure When the user intend to skip to next coarse-level bending



18 R. Xue et al.

segment, they put the cardboard under the photographic apparatus. For each
capturing image captured, we detect the green and blue pixels. Once the pro-
portion of these pixels reaches a predefined level, the process will automatically
proceed to the next step .

Wire’s Skeleton Extraction. This step aims to extract the wire’s skeleton from
the input image (Figure [J] (a)) with two key steps: 1) first obtain a binary mask
with a image pre-processing stage (Figure [J] (b)), including performing gaus-
sian blur to remove small noises, threshold segmentation to strip the wire area,
removing connected components with area less than a threshold for further de-
noising, and binarization; 2) apply Zhang and Suen [47]’s method on the cleaned
binary mask to obtain the wire skeleton (Figure[d](c)). Using a convolution-based
neighborhood counting method, we extract all endpoints (degree = 1) and in-
tersection points (degree > 3) from the resulting skeleton. These points are then
used in the subsequent alignment process.

Optimization-based wire alignment. To match the extracted wire shape with the
ground-truth template, we need to align these two shapes (Figure |§| (d)). This
task is a classical rigid registration problem [I], to minimize the total distance
between a transformed ground-truth point set and the extracted input point set.
To reduce the computational burden and increase the robustness against to local
minima, we propose a key empirical finding: In nearly all real-world scenarios, the
starting point of the fabricated wire shape should closely match that of the ground-
truth shape. Based on this insight, we fix the translation by aligning a chosen
input endpoint with the ground-truth starting point, which yields a 1D scalar
minimization problem over the rotation angle. To efficiently and robustly solve
the 1-DoF optimization problem, we employ a two-stage optimization strategy:

— Coarse Stage: We conduct a grid-search over evenly spaced candidate angles
to find a promising initial rotation.

— Fine Stage: A bounded scalar minimization problem is initialized around
the best coarse candidate for fine-tuning the alignment, and then optimized
using Brent [5]’s method.

For all of these endpoints and intersection points extracting from the wire
skeleton, we will try to match it to the endpoint of the ground-truth shape by
the above 1-DOF optimization. Then output the one with the minimal matching
error, as shown in Figure |§| (e). The above approach enables us to achieve real-
time, accurate geometric alignment between the input skeleton and the ground-
truth shape.

Wire accuracy evaluation. For each ground-truth point, we query its Euclidean
distance to the nearest input skeleton point using a KD-tree based nearest point
query algorithm. Points exceeding a mismatch threshold are labeled as incor-
rect, which are highlighted in red colors, as shown in Figure [9] (f).
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5.5 Hardware and Software

In this section, we meticulously elaborate on our hardware and software config-
urations, encompassing the parameter settings of the three modules.

Software Setups. Our wire decomposition module is developed using C++ and
relies on the following third-party libraries: CGAL [30], libhgp [48], libigl [20],
Eigen [I7] and gco-v3.0 [34] for geometric computations and graph-cut opti-
mization. In the point sequence P, there is a spacing of 1 cm between each two
adjacent points. In Graph-Cut-Based Segment Fitting, we set the fitting error
threshold € = 0.6, and set the loss weights A\; = 30, Ay = 0.2, A3 = 50.

Our animated visualization module is developed using Unity Engine [33]. Our
real-time error checker module is developed using Python, with the following
third-party libraries: OpenCV [4] for image capturing and processing, scikit-
image [36] for wire skeletonization, SciPy [35] for the scalar optimizer and KD-
tree based nearest point query. The resolution of images captured in the checker
is set to 1024 x 768. The proportion of green-blue pixels required as a threshold
for skipping to the next step is setting to 80000/(1024 x 768).

WIRESCULPTOR

(a) Experimental Setup (b) Scenario: Operating (c) Scenario: Checking

Fig.10. An overview of our WireSculptor. (a) Experimental setup. Our system is set
in a well-lit room with a 65-inch monitor and a high-speed photographic apparatus.
(b) The scenario where the user performs a bending operation, following the animated
visualization. (¢) The scenario where the user checks the progress. The user puts the
wire under the photographic apparatus, and the checker provides real-time accuracy
calculation and intuitive feedback.

Hardware Setups. Figure[I0] presents the hardware setups of our system. We set
our system in a well-lit room with a monitor of 65 inches, and the high-speed
photographic apparatus capture the image with the resolution of 768 x 1024.
We test our program on a PC with an Intel Core i7-14700F CPU operating at
5.3 GHz and 64 GB memory. In experiments, our checker can run at a speed of
approximately 12 fps and achieve real-time checking.

6 Results and Discussions

We assess the effectiveness and practicality of WireSculptor by comparing it with
alternative methods and conducting an ablation study to analyze the necessity
of each system module.
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6.1 Comparative Evaluation
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(c) Cat (d) e)
Fig.11. Fabrication results of the comparative experiment: The first row shows the
results of the two alternative approaches (jig and blueprint based methods), while the
second row presents the results of our method. From left to right, the sculptures are a
butterfly, a lotus, a cat, a dance girl, and a motorbike.

We conducted a user study in a controlled laboratory setting to assess how
effectively participants could bend sculptures using our method compared to
two alternative approaches: a blueprint-based manual bending method and
a physical-model fabrication method [19]. In the previous approach, users
fabricate sculptures by following a paper-printed design. In the latter approach,
it provides physical jigs by extruding support walls from 2D jewelry drawings to
guide wire wrapping operations [19]. Figure shows the fabrication results of
this comparative experiment.

Stimuli. We selected seven wire sculptures from [I9/41], encompassing simple
shapes like lotus flowers and cats, as well as more complex forms such as human
figures and motorbikes. These stimuli were chosen to embody a diverse range of
bending challenges in terms of shape complexity and structural detail.

Participants. We recruited 18 participants without any prior wire sculpting ex-
perience, consisting of 13 males and 5 females, aged between 19 and 25 years
old. During the experiment, participants were seated roughly 60 cm from a 65-
inch monitor in a well-lit room. After completing the study, each participant was
compensated with a reward of $10.32 per hour for their participation.

Task. Each participant was asked to bend 5 ~ 7 wire sculptures by following the
instructions provided by our method as well as the two alternative approaches.
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All trials were presented in a randomized order to each participant to mitigate
ordering effects. For each sculpture, we recorded the total time the participant
spent on the bending process (termed “fabrication time”) and, after the exper-
iment, measured the modified Hausdorff distance [9] (MHD) between the user-
bent sculpture and the original design (termed “shape accuracy”). In detail, given
two point sets A, B, the MHD between them H(A, B) is defined as:

H(AaB) = max(h(A, B)ﬂh(BﬂA))3 (6)

where

1 .
h’(A7B) = W (;gggd(a’ b)7 (7)

and |A| denotes the number of points in A, d(a, b) denotes the Euclidean distance
between point a and b.

Procedure. Our experiment consisted of three main steps: 1) a training session
to introduce the task, consisting of one practice trial; 2) the main experiment;
and 3) a short post-experiment interview to help analyze the results. During the
main experiment, each participant was presented with 5 ~ 7 wire designs, along
with instructions indicating which method to use. Fabrication time was recorded
for each design. On average, participants took approximately 39.6 minutes to
complete the main experiment (min: 11.4 minutes, max: 66.6 minutes).

Table 2. Quantitative comparison of fabrication methods. MHD: mean Hausdorff dis-
tance [9]. The lower the better. Compared with both methods, our workflow shows
advantages for novices in accuracy, within an acceptable time trade-off. Regarding the
third component of butterfly, it’s an antenna of a butterfly, which is of length 67 mm.
Since our error checker allows error tolerance, the closed-loop will complete before the
participant finishes fabricating, thus resulting in a poor fabrication quality. However,
such scenario of "fabricating tiny components" is unlikely to occur in real-world fabri-
cation.

Butterfly . .
MHD [9] | Comp.1  Comp.2  Comp. 3 Lotus Cat Dance Girl ~ Motorbike
Jig [19] 1.835 1.662 1.678 2.567 \ \ \
Blueprint \ \ \ \ 2.064 2.765 2.548
Ours 1.528 1.889 2.262 2.296 1.835 2.404 2.625
. Butterfly . .
Time | Comp. 1 Comp. 2 Comp. 3 Lotus Cat Dance Girl Motorbike
Jig [19] 115 179 99 253 \ \ \
Blueprint \ \ \ \ 264 613 454
Ours 174 361 68 593 468 1115 1124
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Results. We collected 105 valid results from the experiments, summarized in
Table 2] As shown in the table, most participants were able to bend sculptures
with higher accuracy when guided by our method compared to the alternative
approaches. The time increase observed with our method is, we believe, a rea-
sonable and acceptable trade-off. While our visual guidance system may require
more fabrication time due to user interaction with the error checker and the need
to watch animations before each bending step, this added duration is offset by the
benefits it brings. In particular, the system’s real-time feedback, error correction,
and step-by-step instructions significantly reduce user uncertainty and prevent
cumulative mistakes—factors that are especially important for novice users. We
argue that the increased time cost reflects a more deliberate and informed fabri-
cation process, rather than inefficiency. Most importantly, participants generally
expressed a positive attitude in our post-experiment interview, which will be
discussed in the following section.

6.2 Post-Experiment Interview

To complement the quantitative evaluation, we conducted a post-experiment
interview with all participants. Our interview was carried out in the form of
a structured questionnaire, comprising nine questions that investigated partici-
pants’ subjective experience with the three bending assistance tools. Specifically,
the questionnaire asked the following:

1. Compared to our WireSculptor workflow, did you find the blueprint/jig
method easier or more comfortable to use?

2. Why did you find your preferred method more effortless or comfortable?

3. After trying all three methods, what advantages do you think our workflow
offers?

4. If you could choose one method to continue using, which one would you
choose and why?

5. Do you think blueprint-based bending guidance is suitable for beginners?
Why or why not?

6. Did you encounter any difficulties when using the blueprint method (e.g.,
ambiguity at intersections)?

7. Do you think the jig method is suitable for beginners?

. How would you rate our workflow? (Scale: -5 to 5, higher is better)

9. Do you have any comments or suggestions for our workflow?

Qo

We have collected 9 valid responses from participants. The responses pro-
vide insights into the subjective experience and usability of these three bending
assistance tools.

Ease of Use and Intuitiveness. Most participants (6 of 9 valid interview results)
found our system significantly more intuitive and less physically demanding. As
one participant noted, “WireSculptor tells me how far I should bend in each
step. It feels like it’s bending with me.” Another commented that “WireSculptor
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gives feedback and shows what I did wrong, helping me fix it before moving on.”

Compared to the paper blueprint, which several participants described as “con-
fusing at wire intersections” and “lacking interaction”, our system’s dynamic,
real-time feedback was repeatedly cited as a key advantage. One participant em-
phasized that “blueprint-based designs are hard to follow when wires overlap, but
the WireSculptor always shows what to do next.”

Effectiveness for Novice Users. A notable theme is how well our method sup-
ported novice users. Nearly all participants (8 of 9 valid interview results) be-
lieved the visual guidance tool was more suitable for novices than the alternatives
(e.g., blueprint and jig). As one participant put it, “each step gave me feedback
and made me confident I could finish the piece.” In contrast, the blueprint and
jig-based methods were often described as requiring experience or trial-and-error.
One participant noted that “with the 3D jig, it was hard to know where the wire
should go next.”

Engagement and Satisfaction. Participants also found our system more engaging
and enjoyable. Several referred to the visual guidance tool as “more fun” and
“more interactive” than the alternatives. One participant praised its ability to
guide without breaking immersion: “It’s like the system is folding with me, step
by step.” In contrast, some participants mentioned that with blueprint or jig-
based methods, “you often finish the whole shape before realizing something went
wrong.”

(a) ACM Word-art (b) Dance Girl (c) Cat

Fig. 12. Illustrations of the application of our workflow in wire sculpture fabrication
for novices. Whether the design is simple or complex (the first, third, fifth columns),
with our workflow, novices are capable of fabricating nice-looking corresponding wire
sculpture (the second, fourth, sixth columns).

Rating and Feedback. On a -5 to 5 rating scale (the higher the better), our system
received an average score of 3.78, with most participants (7 of 9) assigning
it a 4 or 5. Participants appreciated its precision and interactivity, while also
suggesting minor usability improvements. For instance, a few participants noted
that “placing the screen closer to the wire could reduce head movement,” and
that “being able to replay a bending step would be helpful when catching up.”
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These qualitative results reinforce our experimental results: our system not
only improves bending accuracy, but also transforms the fabrication experience
into a guided, confident, and even enjoyable process, particularly for novices.
The integration of animated visualization, real-time checking and interactive
feedback distinguishes our system as a more usable and empowering tool for
wire sculpting.

7 Applications

We demonstrate that our workflow is flexible to support diverse creative use
cases. In this section, we present two key application scenarios.

7.1 Wire Sculpture Fabrication for Novices

Our workflow enables novice users to create aesthetically pleasing and struc-
turally sound wire sculptures with minimal prior experience. We showcase three
examples in Figure a stylized ACM word-art, a dance girl figure, and a
sitting cat. Throughout these tasks, novice users benefited from the WireSculp-
tor’s coarse-to-fine segmentation of steps, allowing them to focus on one bending
operation at a time without being overwhelmed. The integrated error checker
provided instant feedback, helping novice users identify and correct errors early
before they propagated. By removing much of the guesswork traditionally asso-
ciated with the craft, our system empowers novice users to achieve professional-
looking results with minimal frustration.

7.2 Innovative Educational Hand-Crafting for Children

Beyond regular sculpture fabrication tasks, our workflow also serves as an ed-
ucational tool for children to engage in hand-crafting with the support of their
parents or educators. In this setting, children sketch their desired shapes, and
parents then handle the physical bending with the assistance of our interactive
animation and visual feedback tools. This collaborative process allows children
to participate in both the design and evaluation loop, encouraging creativity
and hands-on learning. Figure showcases three sample outcomes produced
through child-parent collaboration. Each of them captures the child’s original
design while maintaining physical fidelity.

8 Conclusion

In this paper, we present WireSculptor, an innovative interactive workflow that
enables novices to fabricate wire sculptures through a guided, step-by-step pro-
cess. Our workflow combines the intuitiveness of human-in-the-loop hand craft-
ing with the precision of visual feedback and error checking. We designed the
system around three core modules: wire decomposition with a formative study,
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Fig. 13. Illustrations of the apphcamon of our workflow in innovative educational hand-
crafting for children. After children sketching their desired shapes (the first, third, fifth
columns), adults can assist in transforming the shapes into wire sculptures (the second,
fourth, sixth columns).

interactive animated visualization, and a real-time error checker. Through user
experiments, we validated the effectiveness of our workflow in improving fabri-
cation accuracy and accessibility for novices.

Limitations Our interactive guided animations, being screen-displayed, suffer
from the drawback of not being viewable from all directions. Also, in our fab-
rication, we didn’t account for wire characteristics like thickness and hardness,
beyond just its length, and future studies could incorporate these. Methodologi-
cally, we're restricted to single, non-self-closing wires, topologically limiting the
artworks we can guide, so introducing multiple wires and self-closing wires is a
future prospect. In terms of time cost, our method consumes excessive time in
the fabrication of many shapes, with the analysis revealing the following rea-
sons. Firstly, our system involves the use of multiple operational modules, like
animated visualization module and real-time error checker module, resulting in
a steeper learning curve compared to other methods. Secondly, our operation
module and visualization module are separate entities, requiring users to con-
stantly contrast both modules during tasks, which incurs a time overhead for this
comparison process. Finally, the animation playback and demonstration process
incurs a time overhead.

Future Work We plan to expand the 3D wire sculpture fabrication, and the
assembly process of multi-wires. To enhance user freedom, we aim to enable the
system to dynamically plan operations in response to users’ real-time bending
actions as their skills develop. We also intend to integrate AI techniques, such as
large language models (LLMSs), to help generate dynamic bending guidance for
wire sculpture fabrication. Furthermore, it would be fascinating to incorporate
mixed-reality devices into our system. Using mixed-reality devices can integrate
our operation module and visualization module into a unified system, facilitating
user learning and operation, thereby reducing the system’s time overhead. To
achieve this, we need to solve the problem of real-time error detection based on
3D wire reconstruction. Another promising direction is to expand the application
domains of WireSculptor. For example, we could investigate its use in creating
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more complex 3D wire-frame structures for architectural models or in the field of
industrial prototyping. And the other direction is to enhance system efficiency.
Designing more flexible control strategies such as introducing an adaptive mode
that reduces animation playback time and decreases inspection frequency as
users become more proficient can enhance system efficiency and reduce time
consumption.
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