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Figure 1: A prototype process supported by FusionProtor. A○: The designer constructed and interacted with a physical prototype
embodiedly. B○: He utilized FusionProtor to generate component-level 3D prototypes based on the low-fidelity physical
prototype. C○: He coupled the physical prototype with virtual components for mixed iteration. D○: He assembled 3D components
and simulated their interaction according to physical motion logic. E○: FusionProtor’s 3D design outcome and simulation
presentation.
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Abstract
Developing and simulating 3D prototypes is crucial in product con-
ceptual design for ideation and presentation. Traditional methods
often keep physical and virtual prototypes separate, leading to a
disjointed prototype workflow. In addition, acquiring high-fidelity
prototypes is time-consuming and resource-intensive, distracting
designers from creative exploration. Recent advancements in gener-
ative artificial intelligence (GAI) and extended reality (XR) provided
new solutions for rapid prototype transition and mixed simulation.
We conducted a formative study to understand current challenges
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in the traditional prototype process and explore how to effectively
utilize GAI and XR ability in prototype. Then we introduced Fusion-
Protor, a mixed-prototype tool for component-level 3D prototype
transition and simulation. We proposed a step-by-step generation
pipeline in FusionProtor, effectively transiting 3D prototypes from
physical to virtual and low- to high-fidelity for rapid ideation and
iteration. We also innovated a component-level 3D creation method
and applied it in XR environment for the mixed-prototype presenta-
tion and interaction. We conducted technical and user experiments
to verify FusionProtor’s usability in supporting diverse designs.
Our results verified that it achieved a seamless workflow between
physical and virtual domains, enhancing efficiency and promoting
ideation. We also explored the effect of mixed interaction on design
and critically discussed its best practices for HCI community.

CCS Concepts
• Human-centered computing → Interactive systems and
tools; •Applied computing→ Computer-aided design; • Com-
puting methodologies→ Artificial intelligence.
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1 Introduction
Developing and simulating 3D prototypes is essential during prod-
uct design and development. These prototypes are integral for ex-
ploring the design space, testing feasibility, communicating ideas to
stakeholders, and furnishing actionable implementation details [10].
Given that conceptual design determines up to 70-80% of a prod-
uct’s lifetime cost [12, 22], exploring novel and efficient prototype
tools is indeed valuable.

Various prototypes have inherent strengths and application scope
in conceptual design [40]. The physical prototype supports the
embodied interaction and tangible testing, helping to reveal po-
tential flaws in advance compared with the sketch [64]. As these
early physical prototypes are hard to manage versions [26] and
lack fidelity [15, 40], once designers determine the basic physi-
cal scale, shape, and structures, they generally transition to vir-
tual forms, which offer enough fidelity for further refinement and
presentation [45]. In the traditional transition process, acquiring
high-fidelity prototypes is time-consuming and resource-intensive,
involving multiple manual adjustments [44]. Besides, the previous
transition usually makes the physical and virtual domains operate
independently, leading to a disjointed workflow [25].

Recent advancements in generative artificial intelligence (GAI)
and extended reality (XR) have provided new solutions for rapid
prototype transition and bridging interaction between physical and
virtual prototypes. GAI enables designers to derive various design
schemes from rough expressions such as textual descriptions or

sketches [19, 80]. This capability can leverage initial design infor-
mation for refinement, supporting rapid iteration, fidelity enhance-
ment, and productivity improvement in conceptual design [62].
Additionally, the XR development has further expanded the pro-
totype space, enabling designers to connect physical and virtual
space for more intuitive and immersive ideation.

Aiming to effectively utilize GAI and XR ability in prototyping,
we conducted a formative study with design experts to understand
current challenges in the traditional prototype process and consider
how to combine GAI and XR to assist the rapid physical-to-virtual
3D prototype transition and simulation task. Our key finding in-
volved that an ideal 3D prototype tool in conceptual design needs to
support 1) mixed prototype between physical and virtual domains,
2) rapid transition from physical-to-virtual and low- to high-fidelity,
and 3) component-level creation and interaction for flexible itera-
tion and simulation.

In this context, we introduce FusionProtor, a mixed-prototype
tool combining GAI and XR for rapid component-level prototype
transition and simulation. FusionProtor supports conceptual design
in an unprecedented way. It supports the rapid physical-to-virtual
3D transition, fully using early design information in physical pro-
totypes and realizing the joint workflow from low- to high-fidelity.
In addition, FusionProtor achieves component-level 3D generation
and interaction. It not only allows local component refinement and
iteration during the generation but also provides mixed interaction
modes with both physical and virtual components in XR.

Following the system development, we initiated a technical eval-
uation study to validate FusionProtor’s technical features. Addi-
tionally, we carried out a user evaluation study with 16 designers,
confirming FusionProtor’s usability and robustness in supporting di-
verse design tasks.We also clarified FusionProtor’s unique strengths
and ideation support modes in conceptual design.

This paper makes the following contributions:
• We introduced FusionProtor, a novel mixed-prototype tool
integrating GAI and XR technologies.We proposed a step-by-
step generation pipeline for physical-to-virtual 3D transition
in it, effectively transiting 3D prototypes from physical to
virtual, as well as low- to high-fidelity.
• We innovated a component-level 3D creation method and ap-
plied it in the XR environment for the mixed prototype. This
supports flexible component-level fusion and simulation.
• We conducted comprehensive technical and user evaluation
studies, verifying FusionProtor’s usability and critically clari-
fying its strengths, interaction modes, and application scope.

2 Related Work
2.1 Virtual Creation and Prototype in Design
The 3D virtual prototype is a commonly used design representa-
tion. It promotes externalizing and conveying detailed intentions
and supports motion simulation and engineering calculation for
further design implementation [25]. The virtual prototype creation
is often time-consuming and resource-intensive, involving mul-
tiple iterations and refined adjustments [44]. In design practices,
computer-aided freeform surface modeling is one of the mainstream
creation methods of 3D virtual prototypes, which is often high-cost,
time-consuming, and skill-threshold [40]. The HCI community has
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also explored other 3D creation methods. For example, Stemasov et
al. [67] developed a parametric design tool in XR for personalization
artifacts. Similarly, Alcaide-Marzal et al. [1] introduced a modeling
method based on deformation rules and grammar. In addition to
parametric modeling, Farqui et al. [27] proposed a modeling tool
based on point cloud generation for 3D local modification. More-
over, retrieval and refinement based on existing 3D repositories
also support more efficient 3D creation [2, 43, 68].

Most 3D creation methods or tools have high learning curves and
often distract designers from the creative exploration process [40].
Another significant challenge in prototyping is the inability to ef-
fectively utilize preliminary low-fidelity design information for
detailed modeling, resulting in a disjointed process. For example, al-
though designers often externalize ideas in amore efficient way (e.g.,
sketching or physical prototyping) before moving on to virtual
modeling, they typically cannot leverage this low-fidelity design
information and must start modeling from scratch. This gap hinders
effective 3D prototype transitions, making designers hesitant to
develop 3D virtual prototypes early in the design process. It leads
to missed opportunities for concrete display, interaction simulation,
and effective communication in conceptual design [25].

2.2 Physical Prototype and XR in Design
The physical prototype is a common design representation in con-
ceptual design due to its distinct strengths. Initially, as low-fidelity
representations, physical prototypes introduce intentional ambi-
guity, encouraging broader interpretation and reasoning within
the design space [64]. In addition, compared with other common
prototypes, such as sketches, physical prototypes provide multi-
sensory engagement—sight, touch, and even smell—that enhances
intuition and interactivity, thereby reducing cognitive load and
fostering creativity [30]. This tangible nature allows designers to
conduct structural tests and uncover potential flaws, facilitating a
more thorough function evaluation [40]. The intuitive dissection
and simulation foster deep structural thinking and iterative im-
provement [75]. However, the long fabrication time, lack of details,
and version management are the inherent challenges of early-stage
physical prototypes [40].

The HCI community also focuses on integrating physical pro-
totypes into virtual design tools [32]. Among them, utilizing XR
technology and using the head-mounted display (HMD) equipment
is a mainstream method to construct a hybrid design space for
mixed display or interaction, superposing the inherent strengths of
both physical and virtual characteristics [36, 52, 53]. For example,
Peng et al. [53] proposed an interactive design system supporting
digital editing on 3D printing prototypes. Barbieri et al. [11] devel-
oped a mixed prototyping tool with physical prototypes for virtual
evaluation. However, in previous studies, most of the virtual proto-
types were rough sketches or retrieved models from the existing
model base, and few of them use generation technology to create
prototypes in the mixed world.

2.3 GAI for 3D Creation
The recent surge of GAI has sparked increasing interest across a
multitude of design tools integrating GAI. Most of them can of-
fer 2D design schemes [48, 62, 80] or assist design reasoning by

text [18, 66], supporting ideation [66], accelerating prototype [29],
and advising iteration [46]. Other output representations include
the icon [77], UI scheme [38, 41], and animation [78]. However,
3D generation in design has been explored less due to the previ-
ous limitations of quality and time. In this context, previous HCI
studies adopted some alternative methods. For example, Zhang et
al. [82] proposed a mixed prototype containing physical models,
but they implemented the 2D generation based on the captured
images of physical models instead of direct 3D transition. Similarly,
some studies introduced 3D design tools supporting spatial expres-
sion, but they achieved stereo image generation rather than a 3D
model [35, 61].

The recent dramatic development of GAI, such as the advance-
ments in upscaled model parameters, increased computational
power, and greater or larger datasets, has significantly accelerated
progress in 3D generation. In this context, the current mainstream
3D generation pipeline can be mainly summarized into two cate-
gories: feedforward 3D generation (e.g., LRM [34], DMV3D [79], Tri-
poSR [74], CLAY [49]) and optimization-based 3D generation (e.g.,
DreamFusion [55],Magic3D [47],MVDream [63], DreamCraft3D [69]).
These GAI advancements have enabled real-time 3D generation
in design. However, although these 3D advances support content
generation, they struggle to fully meet the intricate demands of
specific design tasks. For instance, generating complete 3D models
without layering or component segmentation poses challenges in
refining and iterating designs, as well as in simulating motion and
interaction [82]. In this paper, we confront the practical design
needs and strive to integrate advanced GAI capabilities to achieve
component-level 3D creation from HCI perspective.

3 Formative Study
We conducted a formative study and invited four professional in-
dustrial designers to participate in remote interviews. We aim to
gain insights into industrial designers’ practical prototype process
and challenges, as well as understand how to combine GAI and XR
to assist the rapid physical-to-virtual 3D prototype transition and
simulation task.

3.1 Participants and Procedure
All participants are experts with rich theoretical and practical design
experience, the expert information presented in Appendix A. We
invited them to participate in a 60-minute semi-structured interview.
The guiding questions focus on 1) the typical prototype workflow
in the conceptual design of a product, 2) existing design tools and
materials in each stage and their strengths and shortcomings, and 3)
challenges in design practices and desired features in a prototyping
tool.

3.2 Prototype Process
From experts’ responses, we summarized a typical prototype work-
flow (Figure 2). It consists of three phases: the intra-team commu-
nication phase discussing the design problem, requirement, and
style; the prototype phase exploring and testing various initial con-
cepts; and the off-team communication phase presenting candidate
schemes or solutions to stakeholders. Designers will be free to move
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Figure 2: A typical prototypeworkflow and distinct challenges (C) in product conceptual design, extracted from expert interviews.
• indicates the challenge is mentioned by corresponding experts.

forward and backward in these design activities. The three phases
might be repeated many times before the next implementation.

We focused on the prototype phase and clarified the designers’
operation domain during prototyping in Figure 2. Designers often
determine the basic scale and shape through low-fidelity prototypes.
They prototype various concepts for further evaluation and tangi-
ble structure testing. After multiple iterations, designers select the
most suitable low-fidelity prototypes and proceed to the modeling
and rendering stage. In this stage, they refine design schemes and
produce multi-view renderings for presentation. Additionally, this
model information can be used for simulation and testing, such as
creating interactive or dynamic simulations for intuitive display.
After the prototype phase, the design solution, including proto-
types, high-fidelity renderings, and simulations, will be presented
to clients or stakeholders for further communication and iteration.
Experts also reported they sometimes use sketches or sketch render-
ings instead of physical prototypes and modeling for more efficient
expression. Since this study focuses on 3D design representation,
sketches are beyond our discussion scope.

3.3 Existing Design Materials and Challenges
We collected experts’ feedback on existing design tools or materi-
als and identified corresponding challenges (Figure 2). During the
physical prototype stage, designers usually use shapeable and eco-
nomical materials, such as foam board, plywood, and clay, for rapid
externalization. Sometimes, designers iterate over the ready-made
3D models with these physical materials. A significant challenge is
the trade-off between fidelity and production time (C1). For example,
E2 pointed out that “High-fidelity prototypes often need to invest
more manual labor, but the rough prototype is not enough to clearly
convey all details of the scheme”. Besides, during the early evaluation
& test stage, designers directly interact with tangible models, intu-
itively evaluating them through observation and touch. Managing
and preserving versions of physical prototypes (C2) presents another
challenge. E3 indicated that “It is difficult to save and share physical
versions, especially when it comes to remote cooperation”.

During the modeling and simulation stages, common tools in-
clude AutoCAD [6], SolidWorks [24], Rhino [58], Fusion 360 [7],
and Grasshopper [59] for modeling; V-Ray [31], KeyShot [50], and

Blender [28] for rendering; and Maya [8], Blender [28], Cinema
4D [51], and 3ds Max [5] for simulation. Due to the typically lim-
ited details in physical prototypes, designers frequently need to
revisit and re-explore the appearance features during the modeling
process (C3). E1 reported that “During digital modeling, the physical
prototype can only provide me with basic design information such as
scale and shape. I need to rethink and design when it comes to details”.
In addition, other challenges in that stage included the long-time
cost (C4) and frequent multi-software switching during modeling and
simulation (C5). E4 said “My workflow needs to switch between differ-
ent software and different design representations repeatedly. I have to
go back to the physical prototype to confirm the structural relationship
when virtually modeling. I do hope I can work in one platform ”. The
separated virtual and physical simulations (C6) and the independent
and disconnected testing between physical and virtual prototypes (C7 )
were also challenging. For example, E3 reported that “I want a tool
to help me iterate over parts of a 3D model. With the existing tools, it
is difficult for me to split different parts flexibly after modeling a 3D
model, but this function is essential in the conceptual design stage. For
example, we may want to make this part bigger or change its structure.
But with the current modeling tools and GAI tools, it is difficult for me
to adjust the parts and keep the whole unchanged flexibly”. E1 also
indicated that “I hope to touch the physical prototype while iterating
virtual components. After modeling in the virtual space, I want to feel
whether these components are reasonable, such as whether the virtual
components can be ‘projected’ onto physical entities”.

3.4 Design Consideration and Goals
Based on the interviews and extracted challenges in our forma-
tive study, we summarized the main design goals that an ideal 3D
prototype tool in conceptual design should meet.
• G1: Allow mixed prototype (facing C2 & C7 ). It can allow
designers to see and utilize physical prototypes and virtual
prototypes in amixedway for seamless prototyping, ideation,
and simulation.
• G2: Offer rapid 3D transition and refinement (facing
C1, C3, & C4). It can offer high-fidelity 3D schemes based
on preliminary low-fidelity physical prototypes, not just to
achieve a 3D reconstruction of the physical prototype but
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Figure 3: Interaction workflow using FusionProtor in the prototyping process.

to create various high-quality design schemes that meet the
design intention within the physical prototype.We subdivide
G2 into two sub-goals:
– G2.1: Support rapid physical-to-virtual 3D transition.
– G2.2: Support refining low-fidelity prototypes and
exploring appearance possibilities.

• G3: Support component-level interaction (facing C5 &
C6). It can support designers in efficiently verifying the inter-
action according to the motion logic in physical prototypes
after 3D creation, supporting 3D creation and simulation
presentation in one platform. We subdivide G3 into two
sub-goals:
– G3.1: Support component-level generation.
– G3.2: Support components assembly and interaction.

4 FusionProtor
Following the design goals we identified in the formative study, we
developed FusionProtor. It integrated multiple generation models
for a component-level physical-to-virtual 3D transition pipeline
and employed XR technique to support mixed prototype and dy-
namic interaction simulation. We designed FusionProtor in Apple
Vision Pro that provides mixed work areas and multiple operation
windows for complex creative tasks.

4.1 Interaction Flow
We provide a user journey to show FusionProtor’s capabilities and
interaction flow (Figure 3). A product designer conducted a con-
ceptual design for a Mobile Detection Robot. Initially, she built the
basic scale and shape with the low-fidelity physical prototype (Fig-
ure 3 A○). After sketching local details based on the captured physical
prototype and selecting the intended design style, she obtained vari-
ous generated high-fidelity renderings (Figure 3 B○). She then consid-
ered component relationships and extracted individual components
from the generated complete scheme, leading to the component-
level 3D generation (Figure 3 C○). Next, she coupled virtual 3D
components with physical prototypes and simulated their inter-
action, allowing the mixed component-level ideation (Figure 3 D○).
The linear workflow also allows the designers to move back and
forth freely during prototyping according to their needs, allowing
physical and virtual iteration at any design stage.

4.2 Mixed Prototype in FusionProtor (for G1)
4.2.1 Mixed Workspace in FusionProtor. To meet designers’ needs
for seamlessly transitioning between physical and virtual proto-
typing, and by leveraging the XR interaction capabilities provided
by Apple Vision Pro, we incorporate three working areas in Fu-
sionProtor (Figure 4 A○). The Physical Prototype Work Area offers
various physical materials and tools for tangible creation in the
real world. The Prototype Generation Work Area shows virtual pro-
totypes corresponding to physical prototypes. Designers can di-
rectly drag the virtual 3D prototype into the physical space and
mix them with physical prototypes. In addition, if designers aim
to simulate complex motion or make simulation animation to fur-
ther refine the product’s structure and behavior, they can use the
Simulation and Animation Work Area, an optional work area in
FusionProtor. FusionProtor’s main user interfaces are presented in
Figure 4, including capturing and sketching based on physical pro-
totypes (Figure 4 B1○), controlling generation (Figure 4 B2○), extracting
components (Figure 4 B3○), browsing generated component (Figure
4 B4○).

4.2.2 Mixed Interaction in FusionProtor. We designed multiple in-
teraction modes in FusionProtor to fully leverage XR capabilities to
supportmixed prototyping, as shown in Figure 5. First, FusionProtor
supports the physical & virtual comparison. In that mode, designers
compare different representations (Figure 5 A3○), modify physical
model’s details according to generated virtual prototype (Figure 5 A2○,
and make virtual animation according to physical model’s motion
logic (Figure 5 A1○). Second, FusionProtor mixes the virtual and phys-
ical components. It can augment the generated component on the
physical prototype (Figure 5 B1○, B2○) or physical environment (Fig-
ure 5 B3○). In that mode, designers can couple physical and virtual
components tightly, replace and evaluate different candidate com-
ponents, and even move virtual components based on physical
prototypes to simulate motion. Third, with the Apple Vision Pro’s
support, FusionProtor can realize the full virtual scheme presenta-
tion (Figure 5 C○). In that mode, designers can change the virtual
background according to the design object, as well as present and
evaluate their prototype scheme in an immersive space, taking the
prototype beyond the design studio’s limitation.
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Figure 4: FusionProtor’s mixed workspace ( A○) and main user interfaces ( B○). B1○: capturing and sketching based on a physical
prototype. B2○: typing textual description and choosing reference style for generation. B3○: browsing generated schemes and
extracting components. B4○: browsing generated 3D components.

Figure 5: Designed mixed interaction modes in FusionProtor.

4.3 Rapid Physical-to-Virtual 3D Transition (for
G2.1)

We proposed a step-by-step physical-to-virtual transition pipeline
built on GAI technologies and multiple design representations (Fig-
ure 6). This pipeline accepts three types of input: an image of
the physical model, a textual description of current design, and

style-representative images. First, an image-to-image model inte-
grated with an IP-Adapter merges these inputs to produce a high-
fidelity, detail-rich image. Next, to enable component-level interac-
tion, we introduce the Component-level Extraction and Generation
(ComEG) method. ComEG extracts individual components from the
generated image and uses an image-to-3D model to produce corre-
sponding 3D models, allowing for flexible assembly. For designers
who require dynamic testing, we provide an optional module in-
tegrating various 3D creation tools that support simulation and
animation. Our pipeline is model-agnostic, allowing replacement of
the image-to-image and image-to-3D generation models, as well as
the 3D creation tools, with alternatives more familiar to designers.
We released the plug-and-play pipeline and provided its application
method in Appendix C. In the implemented pipeline of FusionPro-
tor, the image-to-image translation and component extraction were
run on a local GPU, it takes about 40 second for image-to-image
translation and 1 min for component extraction. The image-to-
3D translation was run on cloud service, it takes about 1 min for
geometry and texture generation.

4.4 Prototype Refinement and Fidelity
Optimization (for G2.2)

Wedeveloped supplementary sketch and style transfer functions (show-
cased in Figure 7) to support designers in adding details and con-
trolling the style of prototypes, enabling prototype refinement and
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Figure 6: Overall generation pipeline of the rapid physical-to-virtual 3D transition.

Figure 7: The function of prototype refinement in Fusion-
Protor (B) and direct generation without this function for
comparison (A).

optimization of fidelity. Specifically, The supplementary sketch func-
tion allows designers to add additional details to the captured image
of the physical prototype. This eliminates the need for designers to
construct every detail using physical materials, which can be time-
consuming and challenging. In the style control module, designers
can select the style based on their requirements or aesthetic pref-
erences. We offer a variety of style reference images as candidates
and also support users in uploading their own.

4.5 Component-level Extraction and
Generation (for G3.1)

Component-level generation is a prerequisite for virtual component-
level prototyping. However, obtaining individual components is

challenging due to the complex spatial relationships often present
in product design schemes. As Figure 8 shows, directly applying
segmentation algorithms such as SAM [42] often results in compo-
nents with “hole”. In addition, current inpainting algorithms, such
as SDXL-Inpainting [54], ControlNet-Inpainting [83], and Power-
Paint [84] often introduce artifacts, or fails to separate components
independently. To address these issues, we need an approach capa-
ble of both extracting components and “imagining” their obscured
parts to achieve complete, artifact-free components. This ability is
critical for generating 3D components in subsequent steps. Against
this background, we innovated a Component-level Extraction and
Generation (ComEG) method that integrates inpainting and com-
pletion techniques. Designers can specify different areas of a design
scheme as individual components by simply drawing bounding
boxes. The method then automatically extracts and generates the
corresponding components based on their positions.

As illustrated in Figure 9, ComEG includes two phases. In Phase1,
given an input image 𝐼 and a designer-specified 2D bounding box 𝑏,
we utilize SAM [42] to obtain the segmentation masks of the target
component 𝑀𝑡𝑎𝑟𝑔𝑒𝑡 and the entire product 𝑀𝑒𝑛𝑡𝑖𝑟𝑒 . Then we can
obtain the add mask𝑀𝑎𝑑𝑑 = 𝑀𝑒𝑛𝑡𝑖𝑟𝑒 −𝑀𝑡𝑎𝑟𝑔𝑒𝑡 for the regions that
require inpainting and completion.

In Phase2, we perform inpainting and completion for the target
extracted component by injecting the features of the target region
𝑀𝑡𝑎𝑟𝑔𝑒𝑡 into the occluded or incomplete area𝑀𝑎𝑑𝑑 , enabling pre-
cise restoration and seamless integration of the missing content.
Initially, the original image 𝐼 is encoded into the latent represen-
tation 𝑧𝑖𝑛𝑝𝑢𝑡0 . Then DDIM inversion [65] is applied to transform
𝑧
𝑖𝑛𝑝𝑢𝑡

0 into the corresponding noisy latent vector 𝑧𝑇 . Inspired by
DesignEdit [37], then we integrate a self-attention mechanism into
the decoder within the U-Net denoiser to inpaint and complete the
area designated by𝑀𝑎𝑑𝑑 for the occluded regions of the extraction
component. This approach ensures the preservation of the com-
ponent’s original integrity and consistency. In the self-attention
layers of the U-Net denoiser, we extract the 1 − 𝑀𝑎𝑑𝑑 region of
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Figure 8: The necessity of innovation of component extrac-
tion method.

key features 𝐾 and the𝑀𝑡𝑎𝑟𝑔𝑒𝑡 region of query features 𝑄 during
the 𝑇 denoising steps. Subsequently, each component is directly
reconstructed using an image-to-3D method to produce a single
3D model. The whole method with Algorithm 1 is presented in
Appendix B.

Additionally, designers can draw multiple bounding boxes at
once to precisely control the extraction of different components.
When multiple bounding boxes are present, the aforementioned
process is repeated for each box. Moreover, there are cases where
the component to be segmented does not experience any occlu-
sion. In such instances, the SAM method can be directly utilized.
Consequently, in FusionProtor, after drawing the bounding boxes,
designers can obtain components segmented directly by the SAM,
as well as those processed using our approach. Designers can then
select the satisfied components based on their specific needs to
proceed with subsequent 3D component generation.

4.6 Interaction Simulation and Animation (for
G3.2)

We integrated mainstream 3D Creating Tools in FusionProtor to
support designers realize complex motion and animation presenta-
tion through manual simple assembly and simulation. We adopted
this approach for two main reasons. First, 3D interactive simulation
and animation typically involve high operational complexity and
steep learning thresholds. In the formative study, experts expressed
a preference for working with familiar software and interaction
paradigms rather than adapting to brand-new interfaces (E1). Sec-
ond, precise control of operations such as timing, positioning, and
motion paths is generally more achievable with 2D interfaces than
with mid-air 3D interactions. While XR technology makes mid-air
operations more intuitive, previous studies have shown that achiev-
ing precise control remains challenging [4, 16]. To address these

Algorithm 1 Component-level Extraction and Generation
Input: input image 𝐼 , bounding box 𝑏
Output: extracted component image Output
1: 𝑀𝑒𝑛𝑡𝑖𝑟𝑒 , 𝑀𝑡𝑎𝑟𝑔𝑒𝑡 , 𝑀𝑎𝑑𝑑 ← SAM(𝐼 , 𝑏 ) ⊲ Generate masks for the entire image,

target region, and additive region
2: 𝑧𝑖𝑛𝑝𝑢𝑡0 ← Encoder(𝐼 ) ⊲ Encode the input image
3: 𝑧𝑇 ← DDIMInversion(𝑧𝑖𝑛𝑝𝑢𝑡0 ) ⊲ Initialize latent representation
4: for 𝑡 = 𝑇,𝑇 − 1, . . . , 1 do ⊲ Perform𝑇 -step denoising
5: {𝑄,𝐾,𝑉 } ← U-Net(𝑧𝑡 , 𝑡 ) ⊲ Project 𝑧𝑡 onto𝑄,𝐾,𝑉
6: if in the self-attention layer of the U-Net denoiser then
7: {𝑄,𝐾,𝑉 } ← {𝑀𝑡𝑎𝑟𝑔𝑒𝑡 ⊙𝑄,𝑀𝑡𝑎𝑟𝑔𝑒𝑡 ⊙ 𝐾,𝑉 } ⊲ Apply target mask and

add mask to𝑄 and 𝐾 respectively
8: end if
9: 𝜖𝑡 ← 𝜖𝜃 (𝑧𝑡 , 𝑡 ; {𝑄,𝐾,𝑉 }) ⊲ Predict the noise at time step 𝑡
10: 𝑧𝑡−1 ← Sampler(𝑧𝑡 , 𝜖𝑡 ) ⊲ Sample the next latent from noise prediction
11: 𝑧𝑡−1 ← 𝑧𝑡−1 ⊙𝑀𝑎𝑑𝑑 + 𝑧𝑇 ⊙ (1 −𝑀𝑎𝑑𝑑 ) ⊲ Update latent to retain

component features
12: end for
13: Output← Decoder(𝑧0 ) ⊲ Decode latent representation into output image
14: return Output

considerations, we aim to enable designers to operate accurately in
2D interface of a professional 3D creation tool during animation
production, while still displaying the final output in an intuitive 3D
space after export.

Following this rationale, we integrated several mainstream 3D
Creating Tools, such as Blender [28], Cinema 4D [51], and 3ds
Max [5], in FusionProtor as an optional module. These tools runs
on a local computer, and their screens are streamed to a workspace
on the Apple Vision Pro via screen mirroring. We optimized the im-
plementation for a seamless workflow, including one-click import
of 3D components across devices. We developed a Python-based
PBR Importer plug-in that automatically binds generated 3D com-
ponents and their textures received from the back-end server. This
setup streamlines the design process, enabling designers to focus on
core prototyping and simulation tasks while FusionProtor handles
the more complex and non-creative operations. In the following
user evaluation study and associated figures, we take Blender in the
implemented pipeline, but we also provided alternative 3D Creating
Tools (see Appendix C), along with their configuration files and
plug-ins for FusionProtor.

4.7 Implementation Details
In our system, we employed Kolors [71], an open-source text-to-
image generation model built on latent diffusion, as the image-to-
image generation model. Style control was implemented using the
IP-Adapter model [81], which embeds target style features into
the generated prototype to ensure consistency with the desired
design style. For the component-level extraction, we enhanced
SDXL-1.0 [54] with DDIM inversion [65]. To produce individual
3D components, we integrated Rodin’s API [72] for image-to-3D
translation. Rodin is a non-open-source but publicly accessible 3D
generation model. Our pipeline is model-agnostic, allowing for
the substitution of image-to-image, image-to-3D models, and 3D
creation tools with alternatives familiar to designers. We released
the plug-and-play pipeline and clarified its application in Appendix
C. All implementations were conducted on RTX 3090 GPUs.
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Figure 9: Technical framework of the proposed Component-level Extraction and Generation (ComEG) method.

5 Technical Evaluation
We conducted a technical evaluation to verify the technical perfor-
mance. Our technical innovation in FusionProtor centers on two
aspects: a component extraction method for product design tasks and
a 2D-to-3D transition method integrating component-level genera-
tion and assembly. This led us to two technical research questions:
TRQ1: Can the proposed extraction method effectively extract product
components? TRQ2: Does the proposed 2D-to-3D transition method
produce higher-quality 3D models compared to direct 3D generation
without component-level assembly ?

5.1 Experimental Setups
Datasets. As produced schemes in FusionProtor require designer
involvement, such as building physical prototypes and assembling
components, we used schemes produced in our user study (de-
scribed in Section 6) for technical evaluation. Specifically, for TRQ1,
we randomly selected 20 2D complete schemes generated by Fu-
sionProtor integrated Kolors [71] as a test dataset. Each 2D scheme
has a foreground mask chosen by designers through the bounding
box and generated by SAM [42]. For TRQ2, we randomly selected
20 2D complete schemes that did not overlap with the dataset in
TRQ1.

Baselines. For TRQ1, we compared our method with three main-
stream image editing models, SDXL-Inpainting [54], ControlNet-
Inpainting [83], and PowerPaint [84]. To answer TRQ2, our method
involves manual participation, making it unsuitable and unfair
for direct comparison with conventional 3D generation models.
However, to verify our method’s effectiveness, we compared it
with Rodin [72], which we integrated into FusionProtor’s technical
pipeline.

Metrics.We conducted a human perceptual evaluation. We in-
vited 10 users to compare our proposed methods with baselines.
They were shown complete and extracted component images in
TRQ1 and multi-view images of 3D schemes with the 2D input
image for TRQ2. They completed a questionnaire to evaluate all
datasets. Specifically, for TRQ1, we asked questions from the image
quality, extraction quality, and inpainting ability perspectives. The

questions involve Do you think 1) this scheme has high image quality
and fewer artifacts? 2) this scheme has been completely and individu-
ally extracted from the complete product? 3) the shielding area of the
product has been imagined and inpainted in this component image?
For TRQ2, we asked questions from the geometric quality, texture
quality, and different view consistency perspectives The questions
involve Do you think 1) this model has high geometric quality? 2)
the details of the texture map have high quality? 3) this model has
high consistency from different views? An example questionnaire is
presented in Appendix D. The answers include YES and NO. All
data sets were presented randomly. We will report the average pro-
portion of YES answers in each question, which represents users’
recognition of each question.

5.2 Results
Qualitative Comparison. For TRQ1, as shown in Figure 10, our ex-
traction method can accurately extract the target component with
fewer artifacts and inpaint the shielding areas between multiple
components. Other methods often struggle to isolate high-quality
and complete components or generate various additional unrea-
sonable content. For example, in the 4th row and 5th column of
Figure 10, GAI adds irrelevant content. In the 3rd row and 6th
column, GAI generates more artifacts.

For TRQ2, as shown in Figure 11, our 2D-to-3D transitionmethod
can produce a 3D scheme with high-quality details. For example, in
the 3rd row, GAI generates better camera detail due to component-
level generation. Because the image-to-3D model deals with each
component rather than the whole product. Besides, due to the man-
ual assembly participation, the final outcome had better structural
relationships. For example, in the 2nd row, the structural relation-
ship of components is better expressed than direct image-to-3D
translation.

QuantitativeComparison.The questionnaire results are shown
in Figure 12. Following the Shapiro-Wilk test and Levene’s test were
run for the normality test and variance homogeneity, we used t-test
to compare our YES proportion with all baselines. For TRQ1, our
method had significant advantages in image quality, component



CHI ’25, April 26-May 1, 2025, Yokohama, Japan Zhang et al.

Figure 10: Visual comparison for our component extraction method.

Figure 11: Visual comparison for our 2D-to-3D transition method integrating component-level generation and assembly.

extraction, and inpainting for the shielding area compared to SDXL-
Inpainting (Q1: 𝑡 = 5.80, 𝑝 < 0.001, Q2: 𝑡 = 7.74, 𝑝 < 0.001, Q3:
𝑡 = 14.34, 𝑝 < 0.001), ControlNet-Inpainting (Q1: 𝑡 = 13.46, 𝑝 <

0.001, Q2: 𝑡 = 18.91, 𝑝 < 0.001, Q3: 𝑡 = 17.65, 𝑝 < 0.001), and
PowerPaint (Q1: 𝑡 = 3.67, 𝑝 < 0.001, Q2: 𝑡 = 2.70, 𝑝 = 0.010,

Q3: 𝑡 = 8.97, 𝑝 < 0.001). For the TRQ2, our method had signif-
icant advantages in the texture map details than direct 3D gen-
eration without component-level extraction and generation (Q5:
𝑡 = 4.84, 𝑝 < 0.001).
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Figure 12: The proportion of recognition answers in questionnaire results. Bold indicates the statistical difference.

6 User Evaluation Study
We address following research questions in user evaluation study.

RQ1: Is FusionProtor usable? Can FusionProtor support di-
verse product design tasks?
RQ2: What is the influence of FusionProtor on design and
creativity in conceptual design? What are the distinct advan-
tages compared with traditional prototype tools?
RQ3: How do designers use FusionProtor formixed ideation?
What are the mixed workflow and interaction supported by
FusionProtor?

6.1 Participants
We recruited 16 professional industrial designers (10 males and 6 fe-
males, an average age of 27) with at least three years of design expe-
rience. The detailed information is shown in Appendix A. To avoid
the influence of participants’ familiarity with the system, all partici-
pants in the user evaluation study were newly enrolled and had not
participated in any prior research related to this study, including
formative study and technical evaluation. They can skillfully use
modeling software, especially Blender, and have experience in de-
signing with GAI tools (e.g., Midjourney [21], Stable Diffusion [60],
and DALL-E [56]). Given that designers were required to wear Ap-
ple Vision Pro to complete design tasks, we recruited participants
with normal vision or those who wore contact lenses for the ex-
periment. Participants in this study were recruited through online
publicity and design forums and screened through a registration
questionnaire. All participants signed a consent form approved by
our institution, and there were no other ethical or privacy impacts.
All participants were compensated according to the length of their
participation.

6.2 Tasks
We set two design tasks in the user evaluation study. Task 1 in-
volves a practical design assignment, a Mobile Robot for Detection,
sourced from an industrial design company. Its design requirements
basically include a compound robot, an intelligent detection device,
and a movable chassis. A design problem detailing the target sce-
nario and exact expectations was created by the design company
and provided to all participants. Designers were encouraged to
explore as many concepts as possible based on the basic design
requirements, extensively exploring the possibilities of function,
structure, and appearance. The completion time for Task 1 was set

at 50 minutes, after which designers submitted a complete design
solution, including renderings, 3D models, and descriptions.

Task 2 is an open-ended design task to understand design di-
versity using FusionProtor. Designers were allowed to prototype
freely without specific requirements but were urged to innovate
across concept, function, structure, and appearance. We provided
five potential themes for reference: the intelligent appliance, robot,
drone, mechanical vehicle, and wearable device, though designers
were not restricted to these themes. The task required designers to
submit at least one design scheme within 30-50 minutes.

6.3 Procedure
Thewhole procedure consists of three parts. First, we introduced the
orientation session and allowed designers to familiarize themselves
with basic functions and operations, as well as the Think-aloud
method. Second, participants were asked to complete two design
tasks in the design process. We suggested all participants complete
Task 1 in about 50 min, and complete Task 2 in 30-50 min. If partici-
pants are still not finished within 50 minutes, we will urge them to
finish as soon as possible. The order of the two tasks was counter-
balanced among participants. The use of the Think-aloud method
was a requisite during the design process. Following the design
process, participants were asked to complete several questionnaires
and participate in interviews.

6.4 Measurement
As summarized in Table 1, we combined quantitative and qualita-
tive analysis to answer three RQs. We invited three design leaders
from a design company to evaluate the design outcome of Task 1 for
RQ1. They were tasked with evaluating design solutions for prac-
tical conceptual design based on completeness, which represents
whether the scheme is complete enough and whether its quality
can be displayed to stakeholders. The Design Completeness Rate
was calculated as the ratio of complete solutions to total solutions.
Given the subjective nature of completeness evaluation, three de-
sign leaders independently assessed all design outcomes, and an
average rate was reported.

Several questionnaires were collected. Specifically, the System
Usability Scale (SUS) [14] was applied to evaluate FusionProtor’s
usability for RQ1. NASA Task Load Index (TLX) [33] was adopted
to assess the workload of the design process for RQ2. It is an overall
workload score based on weighted average ratings on mental de-
mand, physical demand, temporal demand, effort, performance, and
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Table 1: Measurement summary in the user study. □ indicates the quantitative analysis while ■ indicates qualitative analysis.

RQ Standpoint Research Method Metrics

RQ1

system usability □ SUS SUS score

design outcome □ expert evaluation Design Completeness Rate

diverse support ■ showcase /

RQ2

creativity support □ CSI CSI score, Collaboration, Enjoyment, Exploration,
Expressiveness, Immersion, Results Worth Effort

design workload □ NASA TLX TLX score, Mental Demand, Physical Demand,
Temporal Demand, Effort, Performance, Frustration Level

strength and limitation ■ semi-structured interview
by thematic analysis /

RQ3
ideation mode ■ behavior analysis

by Think-aloud protocol /
prototype interaction

Figure 13: The presentation of Task 1’s design outcomes under FusionProtor’s support.

frustration level. Besides, the Creativity Support Index (CSI) [17]
was utilized to evaluate the creativity support for RQ2. It measures
six dimensions of creativity support: collaboration, enjoyment, explo-
ration, expressiveness, immersion, and results worth effort. Similar to
previous studies [57, 82], the collaboration index quantified the level
of human-AI cooperation instead of human-human cooperation.

All participants were invited to semi-structured interviews for
RQ2. The interview focused on four key issues, including 1) compar-
ison with traditional prototype tools, 2) GAI cooperation in design, 3)
ideation with the mixed-prototype, 4) user experience and faced chal-
lenges. Three researchers used thematic analysis [70] to extract
commonly-mentioned codes. They independently coded all raw
data and shared their codes, resolving disagreements and merging
similar codes until they reached a consensus.

We adopted the Think-aloud protocol [3, 39] to answer RQ3
during the prototype process. Three researchers reviewed partic-
ipants’ design process. We focused on 1) how designers transform
between the virtual and physical domain in design process and 2) how
designers use FusionProtor for mixed prototypes.

Since FusionProtor introduces novel working modes and pro-
cesses, using existing design tools as a baseline for comparison is
both challenging and unfair. However, we still considered perfor-
mance comparisons. First, from the design outcome perspective,
design experts from the industry evaluated the outcomes for com-
pleteness against their practical standards. Second, from the design
process perspective, participants were asked to compare FusionPro-
tor’s advantages and disadvantages with their traditional tools and
processes according to their own design experience.
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Figure 14: The presentation of Task 2’s diverse design outcomes under FusionProtor’s support.

6.5 Results and Findings
6.5.1 FusionProtor Is Highly Usable (for RQ1). FusionProtor has
high usability.We collected 33 (16 for Task1 & 17 for Task2) design
schemes during the user study. The average prototyping duration
was 40.82 (𝑆𝐷 = 7.52) min, with Task 1 lasting 43.00(𝑆𝐷 = 5.73)
min and Task 2 lasting 38.76(𝑆𝐷 = 8.37) min. The SUS score of Fu-
sionProtor was 87.81 (𝑆𝐷 = 11.59) , which was rated as “acceptable”
and “excellent” according to Bangor’s standard [9].

FusionProtor reaches the practical conceptual design stan-
dard. Figure 13 shows some randomly-selected schemes from Task
1. Three design leaders from a design company reviewed the design
schemes of Task 1 according to their practical standards and eval-
uated the completeness of design outcomes. The average Design
Completeness Rate of the three experts was 91.67% (𝑆𝐷 = 2.95).
Experts were surprised that participants could clearly complete the

design schemes in such a short timeframe and deemed the quality
sufficient to effectively apply in design practices.

FusionProtor supports diverse design. Figure 14 shows some
randomly-selected schemes from Task 2. In Task 2, designers used
FusionProtor to explore diverse design concepts, transition com-
ponents from physical to virtual, refine structures, and simulate
dynamic interaction. Participants reported that FusionProtor had
a wide application scope, enabling them to accomplish diverse
conceptual design tasks efficiently.

6.5.2 FusionProtor Presents Distinct Advantages in Conceptual De-
sign (for RQ2). The CSI and TLX results are shown in Figure 15 A○ B○.
The CSI scorewas 88.79(𝑆𝐷 = 1.76), which indicated FusionProtor’s
excellent support for creative work. CSI results demonstrated Fu-
sionProtor’s distinct advantages in expressiveness and result worth
effort. In addition, the TLX score was 20.38(𝑆𝐷 = 4.75), which
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Figure 15: The CSI ( A○) and TLX ( B○) results, ↑ indicates higher value is better while↓ indicates lower is better. C○ shows the
extracted codes from interviews.

Figure 16: Problematic generated schemes in user study for
critical discussion.

indicated that FusionProtor could help designers easily complete
conceptual design tasks. TLX results highlighted FusionProtor’s
characteristics in low temporal demand and high performance.

In addition to quantitative results, we extracted and summarized
commonly-mentioned codes related to the FusionProtor’s strength
in Figure 15 C○. The most frequently mentioned strength was “Im-
prove Efficiency”. Designers reported that “it will take me about a
week to model these schemes using traditional methods” (P11) and “Fu-
sionProtor integrated some design tools in one platform, allowing me
to rapidly prototype seamlessly” (P1). “Enhance Expressiveness” was
another distinct strength. P2 indicated that “FusionProtor enriched
many details based on my low-fidelity physical model by integrating
GAI capabilities”. Similarly, eight participants reported that Fusion-
Protor can support design exploration. Specifically, P4 mentioned
that “GAI’s participation has given me lots of inspiration, including
details, structures, functions, and appearance styles”. Due to the GAI
integration, designers considered that FusionProtor could take over
the tedious expression tasks, reducing their manual labor for the
prototype in the traditional design process. In addition, seven par-
ticipants reported that the physical prototype and XR participation
promoted their structural thinking and supported tangible tests.

6.5.3 Dissatisfied Cases and Mentioned Limitations (for RQ1&2). In
addition to summarizing FusionProtor’s strengths, we also critically
reported the limitations and new challenges through the analysis
of the design process and interview.

Dissatisfied Cases. We concentrated on scheme generation
where designers might be dissatisfied or seek regeneration. Specifi-
cally, in generating the complete 2D scheme, a single textual descrip-
tionmay not produce a result that meets the designer’s expectations.
And the capturing quality can influence generation quality (Fig-
ure 16 A1○). In extracting 2D components, our user study found that
FusionProtor exhibited limitations in extracting components from
structures with severe occlusion or tight integration, such as isolat-
ing a modular container from a mobile delivery robot (Figure 16 A2○).
During the 2D-to-3D transition, the generation quality diminished
when designers provided flat and orthographic 2D schemes without
any perspective distortion (Figure 16 B1○).

Mentioned Limitations.We also summarized the commonly-
mentioned limitations or challenges during the design process. First,
more than half of the participants complained about the physical
load in the process of using FusionProtor. P9 reported that “The
weight of HMD makes it difficult for me to apply it in design practice
for a long time”. Second, GAI controllability was another widely
reported challenge, especially during the image-to-image gener-
ation from the captured image to the generated scheme. P3 said
that “Although I can transfer the style of low-fidelity physical models,
I don’t have fine-grained control during generation, such as local
designated generation. This might increase my regeneration times
during the image-to-image process”. Third, participants critically
discussed that GAI lacks an understanding of design knowledge,
especially structural knowledge, leading to low structural rational-
ity of the generated components. P1 said “GAI can only understand
my physical scheme from the appearance perspective and ‘imitate
my scheme to generate’, but cannot understand my structure and
logic”. For example, FusionProtor generated 3D components that
lack structural coherence and assembly relationships in P4’s de-
sign (Figure 16 C1○). Similarly, it generated two connected parts, yet
the structural dimensions of the joints differed significantly in P1’s
design (Figure 16 C2○). Fourth, designers pointed out that although
FusionProtor achieved remarkable 3D quality, these schemes still
fall short of being directly applicable to engineering production. P9
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Figure 17: Ideation and prototype process in the user study, extracted through think-aloud and behavior analysis.

reported the imperfect and inaccurate geometry while P10 com-
plained the texture details (Figure 16 D1○). Fifth, some participants
mentioned that GAI participation may lead to creativity fixation
in the early design stage. We further critically discussed the GAI
influence on the creative process in Section 7.3.

6.5.4 FusionProtor Supports Diverse Ideation andCreationModes (for
RQ3). We paid attention to FusionProtor’s influence on the ideation
process, in whichwe focused on how designers advance their design
process. Although designers need to start with physical prototypes
in FusionProtor, it does not mean that designers’ thinking must
develop linearly from physical to virtual. In the evaluation study,
some designers elaborated on physical prototypes first and then
transformed them into virtual forms. Some designers built simple
physical prototypes at will to find inspiration in the virtual genera-
tion process. Some designers advanced their design process through
repeated transformations between physical and virtual domains.
FusionProtor allowed designers to freely move forth and back, as
well as switch between physical and virtual domains.

Figure 17 presents some design processes using FusionProtor.
For example, P1’s design process was promoted in a linear way
without any repeated operations (Figure 17 A○). This linear mode
supported an efficient conceptual design task. Similarly, P2 also
progressed linearly but dedicated significant time to constructing
and testing physical prototypes (Figure 17 B○). P2 designed a fold-
able desk lamp, spending half the time on the physical domain to
test the folding structure before transiting into the virtual form. On
the contrary, P12 spent most of time in the virtual domain, espe-
cially on 2D scheme generation (Figure 17 C○). P12 made a basic
physical prototype and then gained various inspirations through re-
peated generations. P12 reported that “I can get various inspirations

by adjusting the reference styles and parameters in GAI generation,
and I constantly adjust my prototype”. In addition, P15’s ideation
process involved frequent transitions between physical and vir-
tual domains (Figure 17 D○). Specifically, P15 designed a modular
vacuum cleaner, prototyping various modular suction nozzles and
repeatedly verifying and simulating them in both domains. P15
noted that “I often verify the shape and structure in the physical
world, such as the handle scale and inclination angle, and efficiently
realize my ideas in the virtual world with generation”.

7 Discussion
7.1 The Component-level 3D Transition

Pipeline on Prototype
In FusionProtor, we proposed a component-level 3D transition
pipeline. To implement it, we innovated a component extraction
method and integrated existing generative models to release a
plug-and-play generation pipeline. First, from the technical per-
spective, this is the first component-level 3D generation pipeline
for the industrial conceptual design field, which can realize high-
quality product component generation. Our technical evaluation
verified the effectiveness of our innovative component extraction
method. Besides, compared to generating a complete 3D directly,
our pipeline allowed the Img-to-3D model to deal with each com-
ponent one by one, which can generate more detailed geometry
and high-consistency texture of local parts. Second, from the per-
spective of the design workflow, our pipeline integrated multiple
GAI models and design tools on one platform, providing a seamless
prototype workflow. In the user evaluation study, participants com-
monly mentioned that FusionProtor improved the design efficiency
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and supported rapid exploration. The joint integration took over
tedious operations such as data conversion, tool switching, for-
mat compatibility, and model deployment in the traditional design
workflow, allowing designers to concentrate on their creative work.
Third, from the perspective of creativity, designers pointed out that
FusionProtor enabled them to focus on detail iteration because our
pipeline emphasized the generation and iteration at the component
level. Designers also considered that component-level design pro-
moted their evaluation of component feasibility and adaptability,
facilitating the exploration of modular structures and functions.

7.2 The Real-time Mixed Interaction on
Prototype

While many HCI studies have used XR technology to create mixed
environments for design, most virtual objects are retrieved from
databases [36, 52] or obtained by mid-air modeling [67]. The preset
artifacts limit the designer’s freedom of conception while on-site
modeling takes longer time with lower fidelity. FusionProtor inte-
grated GAI in HMD equipment to enable the real-time mixed proto-
type, allowing designers to flexibly adjust and iterate high-fidelity
virtual prototypes immediately. With FusionProtor’s support, de-
signers can operate the physical prototype embodied while seeing
the high-fidelity virtual feedback in real-time. This brought new
opportunities for mixed prototypes. It can support local rapid itera-
tion and adaptive testing. For example, designers can replace differ-
ent components based on physical prototypes (e.g., Figure 17 D○).
They can even change different scenarios and browse products in
different application spaces with the support of XR technology,
supporting on-site design and immersive ideation.

7.3 Critical Discussion on the Influence of
Using FusionProtor on Creativity

Although FusionProtor received positive feedback from designers
in the evaluation study, we critically discussed the newly introduced
potential problems related to design creativity and design fixation
for reflection. On the one hand, in FusionProtor’s design work-
flow, the high-fidelity prototype has been introduced prematurely
during the physical-to-virtual, which might lead to design fixation
in the early stage of conceptual design [76]. For example, in P3’s
design process, GAI randomly refined an ambiguous detail of the
physical prototype into a concrete camera, and the camera design
always existed in the subsequent prototype iterations. Although
in the P3’s original design idea, the camera may not exist or it is
unnecessary. The rapid generation and iteration reduce designers’
reflection on randomly provided high-fidelity details [73]. On the
other hand, choosing styles in advance might limit the design pos-
sibilities and idea diversity in FusionProtor interaction. Previous
studies indicated that designers should consider the overall form of
a design before focusing attention on details, such as style, color,
and material, to avoid early fixation [23]. Therefore, our workflow
and interaction might enable designers to unconsciously focus on
low-level design decisions early [82]. In addition, after observing
participants’ outputs, we found that the style transfer function
might foster some sort of convergence towards a similar visual
style. We critically pointed out that FusionProtor might lead to
style fixation when it as a creativity support tool.

7.4 FusionProtor’s Best Practice
Building upon our critical understanding of FusionProtor through
the evaluation study, we proposed FusionProtor’s best practices.
First, we recommend using FusionProtor primarily for conceptual
design ideation and presentation, as it is well-suited for high-fidelity
presentations and effective stakeholder communication. It is not
appropriate for engineering production due to the lack of ratio-
nal structure understanding and generation. We particularly rec-
ommend FusionProtor for prototyping and simulating products
with multiple independent components and rotational relationships,
such as articulated products. This recommendation is based on our
user study, where such products achieved the highest quality and
satisfaction ratings. In addition, in order to avoid the influence of
shooting quality, designers should avoid capturing physical proto-
types from orthogonal angles to enhance the 3D generation quality.
Besides, to alleviate the design fixation, we advise designers to input
extensive textual descriptions and select diverse reference styles
to generate various candidates that align with their intentions for
further comparison and ideation instead of a single output.

7.5 FusionProtor’s Optimization Space
We proposed FusionProtor’s optimization space based on the limi-
tations mentioned by participants. First, referring to HCI studies in
the augmented reality domain [36, 52], we plan to couple the mo-
tion relationship between physical and virtual components, rather
than just fusing them in visual presentation. For example, when
designers move the physical prototype of a physical car, its virtual
wheel can rotate with it. Second, we hope to give full play to the
virtual creation and editing ability supported by XR technology.
For example, FusionProtor only supports 2D sketches on the cap-
tured image of physical prototypes, and the simulation animations
are also created in 2D interface, which limits the designers’ mid-
air interaction in 3D space. More mid-air interaction capabilities
can be updated in FusionProtor, making 3D creation more natural
and intuitive. Third, we are considering optimizing the scale and
size of 3D genetation. Using multi-view captured images as inputs
might make generated models more closely with physical proto-
type’s scale. Besides, providing layout information of complete and
component schemes to 3D generation models integrated with Con-
trolNet [83] might allow for the component creation with more
proportionate relative sizes.

7.6 Limitation
We discuss the limitations in this study. First, as FusionProtor inte-
grates 3D creating tools to support animation production, it is not
a complete desktop application. In the future work, the assembly
function or animation simulation function adapted to FusionProtor
should be further developed to make it a more full-fledged design
software. Second, the integrated generative models can be updated.
While we integrated the most advanced models available at the
time, more powerful models could be replaced in the FusionPro-
tor’s technical pipeline for higher generation quality. Third, more
comprehensive methods and quantitative metrics are needed. Com-
parative analyses with existing tools could serve as baselines to
assess FusionProtor’s effectiveness. Fourth, this study is limited by
its lab setting, with restricted design time and a small participant
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pool. Future research should involve more practical studies with
more complex design requirements and broader participation.

8 Conclusion
We introduced FusionProtor, a mixed-prototype tool for component-
level physical-to-virtual 3D transition and simulation in conceptual
design. FusionProtor incorporated GAI for rapid component-level
generation while leveraging XR to enable designers to mix physical
and virtual components for fusion ideation and presentation. A tech-
nical study validated the tool’s robustness in extracting components
and producing high-quality 3D models. A user study confirmed its
practical usability in supporting diverse designs. Designers were
able to create a satisfactory scheme in an average time of 40.82 min-
utes, greatly reducing both the time and manual labor of prototype
and simulation. Additionally, designers demonstrated FusionPro-
tor’s distinct strengths in enhancing expressiveness, facilitating
rapid exploration, and fostering creativity. Our findings verified
that FusionProtor achieved a seamless workflow from physical to
virtual and low- to high-fidelity, enhancing efficiency and promot-
ing ideation. Finally, we critically discussed FusionProtor’s best
practices and explored the effect of mixed interaction on design for
the HCI community.
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A Participant Information in the User Study
The expert information in the formative study and the participant
information in the evaluation study are shown in Table 2 and Ta-
ble A, respectively.

Table 2: Overview of experts in the formative study.

ID Age Gender Domain Design Experience
E1 33 F Industrial Design 10
E2 32 F Industrial Design 10
E3 41 M Computational Design 15
E4 29 M Design Science 9

Table 3: Overview of participants in the evaluation study.

ID Age Gender Domain Design Experience
P1 29 M Industrial Design 6
P2 24 M Industrial Design 3
P3 24 F Art Design 3
P4 24 M Computational Design 3
P5 24 M Industrial Design 3
P6 25 F Industrial Design 3
P7 28 M Computational Design 5
P8 28 F Industrial Design 4
P9 27 F Design Consulting 3
P10 27 M Art Design 4
P11 26 M Industrial Design 4
P12 26 M Design Consulting 3
P13 27 M Computational Design 4
P14 36 F Industrial Design 10
P15 32 F Computational Design 8
P16 25 M Industrial Design 3

B Technical Details of the Component-level
Extraction and Generation Method

The computation process within the self-attention mechanism is
described as follows:

Attention(𝑄,𝐾,𝑉 ) = Softmax

(
(𝑀𝑡𝑎𝑟𝑔𝑒𝑡 ⊙ 𝑄) ((1 −𝑀𝑎𝑑𝑑 ) ⊙ 𝐾)𝑇√

𝑑

)
𝑉

(1)

where the query 𝑄 , key 𝐾 , and value 𝑉 matrices are derived from
the latent representation 𝑧𝑇−𝑘 during the denoising process. These
matrices are projected using the weights𝑊𝑄 ,𝑊𝐾 , and𝑊𝑉 respec-
tively. By querying the regions within𝑀𝑡𝑎𝑟𝑔𝑒𝑡 to match the features
of the regions within𝑀𝑎𝑑𝑑 , the features within𝑀𝑡𝑎𝑟𝑔𝑒𝑡 can be in-
jected into 𝑀𝑎𝑑𝑑 , achieving completion. In addition, to preserve
the areas outside the 𝑀𝑎𝑑𝑑 , we replicate the component features
from the latent 𝑧𝑇 via the DDIM inversion path. In the 𝑘-th de-
noising step, we update the current latent 𝑧𝑇−𝑘 to retain the latest
component features:

𝑧𝑇−𝑘 = 𝑧𝑇−𝑘 ⊙ 𝑀𝑎𝑑𝑑 + 𝑧𝑇 ⊙ (1 −𝑀𝑎𝑑𝑑 ) (2)

After𝑇 denoising steps, we obtain 𝑧0, which is then decoded through
a VAE to restore the complete component image.

Figure 18: The plug-and-play pipeline ( A○). The user interface
for customizing the creation pipeline ( B○).

C Plug-and-play Pipeline in FusionProtor
We designed and developed the pipeline in a plug-and-play manner
in FusionProtor. On the one hand, designers can choose appropri-
ate models and tools according to their own needs and familiarity.
On FusionProtor’s home page (Figure 18 B○), users can customize
their own creation pipeline, including changing generative models
and 3D Creating Tools. On the other hand, considering the vigor-
ous development of GAI technology, the plug-and-play manner
allows the updating and integration of cutting-edge GAI models
and deployment across various platforms.

In the plug-and-play framework implementation, the interchange-
able components involve the image-to-image translation module,
image-to-3D translationmodule, and 3DCreating Tools (Figure 18 A○).
First, for image-to-image translation, we have utilized a locally de-
ployed ComfyUI [20] backend and provided the corresponding
configuration files for several image-to-image models [13, 54, 71],
enabling seamless switching between different image generation
models by simply using various configuration files. Second, for
image-to-3D translation, in addition to Rodin, we have also locally
deployed TripoSR [74] and LRM [34] image-to-3D generation mod-
els as candidates. The component images extracted by ComEG can
be directly fed into the image-to-3D models. Third, for 3D Creating
Tools, we provided the corresponding PBR Importer plug-ins using
Python to automatically bind generated 3D components and their
textures received from the back-end server for several 3D Creating
Tools Cinema 4D [51], 3ds Max [5] and Maya [8].
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