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Figure 1: Based on the selected wood species, preferred load, and evaluation policy, UpJoint suggests design updates to a base

chair that balance structural, aesthetic, and fabrication scores.

Abstract

We present UpJoint, a computational system that adapts a base
chair design to different wood species while balancing structural
strength, aesthetic consistency, and fabrication cost. To support
flexible adaptation without requiring changes to machining setups,
we employ an assembly strategy based on wooden components
connected by 3D-printed joints. The system introduces two core
components: a design space for structural reinforcement and a
model for evaluating aesthetic consistency. The design space was
informed by a preliminary study and includes four update strate-
gies, two of which involve inserting new structural members. Each
strategy is parameterized to produce a broad set of viable design
alternatives. While strength and fabrication cost are estimated from
geometry and material data, aesthetic consistency is learned from
human pairwise comparisons collected through a survey, and mod-
eled using the Crowd-BT algorithm to infer a global preference
ranking. We evaluated the system across four wood species and
different optimization policies, highlighting distinct trade-offs be-
tween structure and appearance. We further validate our approach
through physical joint testing and fabrication of a prototype.
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1 Introduction

With the recent rise in lumber prices, furniture manufacturers are
increasingly turning to a broader range of wood species, particularly
locally sourced varieties. However, furniture designs are typically
tailored to the specific characteristics of a given species, taking into
account both practical and aesthetic considerations. Wood species
vary not only in appearance but also in mechanical properties
such as hardness and density, which have a substantial impact on
structural performance. For instance, oak is approximately five
times stronger than balsa. Therefore, changing the wood species
can undermine the base design.

Moreover, furniture designs must also consider manufacturing
constraints, including logistics and material processing equipment.
To enable design updates without necessitating changes to machin-
ing setups—such as jigs or fixture configurations—3D-printed con-
nectors offer a flexible alternative for joining wooden components.
This strategy reduces the effort required to switch between different
wood species without reorganizing the production line. Ideally, a
single furniture design would accommodate multiple wood species
simply by updating the 3D-printed joints while maintaining the
impression of the base design.

https://creativecommons.org/licenses/by/4.0
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Prior work has leveraged the adaptability of 3D-printed connec-
tors by automatically adjusting them to various angles and com-
ponent shapes, and in some cases optimizing for strength and/or
fabrication cost (material usage) [7, 19, 20, 26]. However, our set-
ting introduces new challenges by involving a reference base de-
sign. First, structural reinforcement of the base design may be
required when the substituted material has weaker mechanical
properties. Second, aesthetic consistency becomes critical: the
updated design should preserve the base design’s overall visual
impression. Addressing these challenges is non-trivial, as reinforce-
ment involves navigating a vast design space, and added members
can significantly alter the look and feel of the piece. Thus, there is a
need for methods that balance structural adaptation with aesthetic
continuity.

To address these challenges, we introduce UpJoint, a system
that adapts a given furniture design to different wood species while
balancing structural strength, aesthetic consistency, and fabrication
cost. Specifically, we developed the system for a basic chair design
composed of wooden components connected by 3D-printed joints.
Given a new wood species, a load requirement, and a user-defined
selection policy, UpJoint suggests an updated design that balances
the three objectives according to the policy.

The system contains two key components: 1) a design space for
structural reinforcement, and 2) an evaluation model for aesthetic
consistency. To define a suitable design space for structural rein-
forcement and connector adaptation, we conducted a preliminary
ideation session with designers. This process resulted in four update
strategies, two of which involve inserting new structural members.
We then parameterized these strategies—varying angles, positions,
and dimensions—to generate a broad set of viable chair design al-
ternatives. Furthermore, to evaluate these candidates, strength and
fabrication cost can be estimated directly from geometry and mate-
rial specifications. However, assessing aesthetic consistency is more
complex. To address this, we collected human preferences through
pairwise comparisons and modeled them using Crowd-BT, an ap-
proach for inferring a global ranking from noisy and potentially
inconsistent human judgments [5]. The resulting aesthetic consis-
tency model quantifies how well each design alternative preserves
the base design’s visual impression.

The system was evaluated by running experiments examining
the performance on four different wood species. We also tested dif-
ferent ranking policies—prioritizing structural strength, aesthetic
consistency, or fabrication cost—demonstrating the outputs of dif-
ferent trade-offs. For instance, prioritizing structural integrity often
resulted in reduced aesthetic consistency. We also performed mul-
tiple physical tests on different joint types, confirming that our
structural simulation setup aligns reasonably well with reality. Fi-
nally, we fabricated a chair based on a system output.

In summary, we present UpJoint, a design-assistance system that
supports adapting a design to a variety of wood species, particularly
in the context of locally sourced timber. Our contributions are:

• A system for adapting a base chair design made from
wood components and 3D-printed connectors to different
wood species, taking into account structural strength, aes-
thetic consistency, and fabrication cost.

• A design space for reinforcement, derived from a prelimi-
nary study that resulted in four update strategies—including
the insertion of new structural members—based on which
we produce a larger number of viable design alternatives.

• An aesthetic consistency evaluation model, based on
crowd-sourced pairwise comparisons and inferred using the
Crowd-BT algorithm, which enables quantitative evaluation
of the preservation of the visual impression.

2 Related Works

2.1 Design and Analysis of Furniture

There is a large body of research focusing on computational assis-
tance in the design of furniture and other small structures, many
of which focuses on intuitive modeling interfaces and feedback
or suggestions for improving physical validity and/or fabricabil-
ity [3, 13, 32, 35, 36, 38, 39, 39]. The FastForce system introduces
reinforcement strategies to improve the structural strength of laser-
cut plate assemblies [3]. There is also a growing body of research
focusing on parameterization of CAD models to enable intuitive
parameter editing [12, 16] (to mention a few). Other work optimize
furniture for specific properties, such as reconfigurability and inter-
locking [11, 33]. In contrast to the above work, our system includes
a different design space of reinforcement strategies for chair frame
assemblies specifically, and evaluates aesthetic consistency.

For aesthetic analysis, Liu et al. [24] proposed a method for
evaluating style compatibility of 3D furniture models. Similar to
our work, they built their system on crowed-sourced data. However,
their focus is on selecting a set of furniture, while we focus on
assessing the aesthetic consistency compared to a base design.

2.2 Computational Joinery

Advancements in 3D-printing, computer numerical control (CNC)
milling, and laser cutting have driven a surge in research on joint
modeling. The joint types of these systems can be roughly divided
into two categories: 1) integral joints, where the geometry is part of
the component itself [1, 2, 8, 14, 22, 23, 25, 27, 29, 34, 37, 39, 40], and
2) external joints, where a connector part joins multiple components
[6, 7, 17–19, 26, 30]. This paper belongs to the second category of
external joints, discussed in more detail below.

2.2.1 External joints. Magrisso et al. [26] introduced Digital Join-
ery for Hybrid Carpentry, a parametric system that generates 3D-
printed joints to connect wooden beams at non-standard angles.
They produce joints with Voronoi-based skeleton structures with
parametric control of some appearance parameters, resulting in a
novel furniture style. While they verify the strength of the joints,
the joints are not optimized for structural performance.

Kovacs et al. [17, 18, 19] introduced TrussFab, TrussFormer, and
Trusscillator—end-to-end systems that allow non-experts to de-
sign and fabricate large-scale structures from low cost materials.
The material system consists of plastic bottles connected by 3D-
printed joints forming triangular truss beams. They explored large-
scale structures that can support human weight [19], and kinetic
structures [17, 18]. While these systems visualize overall structural
strength to verify safety, they do not implement optimization of
structural performance or fabrication cost.
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Chidambaram et al. [6] introduced Shape Structuralizer, an inter-
active system that translates surface models into structures made
from rods and custom 3D-printed joints. Their system enables it-
erative generation and evaluation of structural designs through
human-in-the-loop exploration of the design space. It verifies the
strength of the overall structure, but does not analyze aesthetic
consistency or fabrication costs.

Qiu et al. [30] proposed a system that automatically generates
3D-printed joints for wireframe structures, allowing for arbitrary-
angle connections between dissimilar members while minimizing
the number of unique joint types. While the system considers fab-
rication cost and shape preservation, it does not verify structural
performance.

Colli et al. [7] proposed a topological optimization method for
external joints that accounts for contact and friction. The resulting
shapes exhibit improved structural performance, but do not account
for changes in aesthetic consistency resulting from geometric de-
formation.

Finally, Nicolau et al. [28] presented a study comparing the struc-
tural strength of integral mortise-and-tenon joints with 3D-printed
external joints similar to ours. Their study indicated that 3D-printed
joints can be stronger than traditional ones, which motivated us to
propose a system based on external joints.

3 Preliminary Study

To collect update strategies for structural reinforcement of a base
chair, we conducted an ideation session. We aimed to explore a wide
range of update ideas and classify them as general update strategies
to be integrated into our system. For the session, we employed four
university students (all male, 20-22 years old) with experience in
designing and modeling furniture.

The session consisted of two phases. The first phase was a diver-
gent ideation stage in which we asked participants to generate as
many ideas as possible. In the second phase, we asked them to focus
only on the joint parts, rather than proposing ideas that drastically
changed the furniture design, such as adding or removing structural
members. To facilitate the session, we provided reference images
of chairs and physical wooden materials. We also asked them to fo-
cus on generalizable ideas. Participants searched for and discussed
existing structural reinforcement approaches, and interacted with
wooden materials prepared by the authors. Sticky notes were used
to document the ideas, including text and sketches. Each phase took
about 30 minutes, in total an hour.

After finishing the ideation phases, the participants grouped the
collected ideas based on similarities, and then refined the groups
so that each category was generalized and not overlapping each
other. As a result, the participants conceived seven categories of
design updates as in Fig. 2. These ideas included some judged to be
infeasible, such as levitating the structure with magnets, changing
the inner surface material to a honeycomb structure, and changing
structures from beams to surfaces. Based on the grouped ideas
shown in Fig. 2, we further abstracted and organized them into
four categories of design updates— adding braces, adding bars,
thickening members, and making the joints stronger (Fig. 3).

Figure 2: The Ideation session and the generated design up-

date ideas.

4 System Overview

In this section, we clarify the inputs of the system (Section 4.1), how
design candidates are created (Section 4.2), the different policies
(Section 4.3) and finally the output of the system (Section 4.4). Fig.
1 shows an overview of the system.

4.1 Input

To begin, the system needs a base design with an assigned wood
species, which is fixed in our current implementation. It is the
reference for suggesting plausible design updates when the user
specifies a different wood species. This assignment supplies the
material parameters required for structural analysis. It also defines
the baseline used to normalize structural scores. At run time, if a
different species is selected, the solver substitutes the material pa-
rameters of the wooden members with those of the selected species
and leaves the 3D-printed joints as defined. Thus, all evaluations use
the selected species. The base assignment functions as a reference
for normalization and reproducibility.

The base design comes with a 3D model consisting of wooden
structural members and 3D-printed joints. The system also needs
an analytical model consisting of lines and surfaces (see the right
side of Fig. 11).

To calculate structural score, the user must specify a load value
(𝑘𝑁 ). The load value is a floating-point value and applied vertically
to the seat during the simulation. The system has a fixed loading
point on the base design.

Considering physical production of the suggested design, the
user can set a range of fabrication cost such as [0 - 50]. The user
can also specify an ranking policy, which is initially set to preserve
aesthetic consistency. More details about the policies are provided
in Section 4.3.

4.2 Design Variations

The system explores a design space defined by four update strate-
gies from the preliminary study. Each strategy has one or two
parameters, such as brace angle and length, bar height, member
thickness, and joint shape. We manually assigned parameters for
each strategy. By varying these parameters, we prepared 47 design
variations as shown in the Appendix. We report the details of the
preparation of the variations in Section 3.
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A B C D

Figure 3: Extracted design update strategies from the preliminary study: (A) diagonal braces; (B) horizontal bars; (C) thickening

members; and (D) stronger joints.

4.3 Policies and Scores

Although the policy of the system is primarily set to keep aesthetic
consistency, we offer users to explore different “policies”, i.e., prior-
itizing aesthetic consistency or structurally soundness. In total, the
system offers three different ranking policies: preserve the aesthet-
ics of base design, prioritize bold updates, and minimize fabrication
cost, denoted 𝑃1, 𝑃2, and 𝑃3 respectively. To support this, a score
calculation function with multiple criteria is introduced as in Eq. 1.

𝑆𝑐𝑜𝑟𝑒 = 𝑤𝑠𝑡𝑟 ·𝑉𝑠𝑡𝑟 +𝑤𝑎𝑒𝑠 ·𝑉𝑎𝑒𝑠 +𝑤 𝑓 𝑎𝑏 ·𝑉𝑓 𝑎𝑏 — (Eq. 1)

In Eq. 1, each design is evaluated by three criteria which are
structural score, aesthetic consistency score, and fabrication cost,
denoted 𝑉𝑠𝑡𝑟 , 𝑉𝑎𝑒𝑠 , and 𝑉𝑓 𝑎𝑏 respectively. Multiplying a weight for
each score (denoted as𝑤𝑠𝑡𝑟 ,𝑤𝑎𝑒𝑠 , and𝑤 𝑓 𝑎𝑏 ), we calculate a score
for each design including the base design. We explain the details of
score calculation in Section 5.1.

4.4 Output

The output screen displays the evaluation results based on the
user inputs and the selected policy. Under 𝑃1 (the policy priori-
tizing aesthetic consistency), for example, the system proposes a
3D model that achieves the highest aesthetic consistency score
while satisfying structural performance and fabrication cost. The
3D model allows users to visually check its whole design as well as
3D-printable joint parts.

For each output, the user can mark it as “Good” or “Not Good”.
Selecting “Good”, the system exports the 3D-printable joint parts
in STL or OBJ format. Selecting “Not Good” prompts the system
to display the next-best update determined by Eq. 1. This iterative
loop continues until a design that matches the user’s preferences is
found.

5 System Implementation

In this section, we first explain the details of score calculations of
the three criteria (structure strength, aesthetic consistency, and
fabrication cost). For the calculation of aesthetic consistency, we
conducted a crowd-sourced impression survey which is separately
reported in (Section 5.2). Finally we report hardware and software
of implementation (section 5.3).

5.1 Score Calculations

This section describes implementation details of calculation of the
three scores (structural, aesthetic consistency, and fabrication).

5.1.1 Structural Score. Structural score 𝑉𝑠𝑡𝑟 is calculated by the
proportion of structural strength of the updated design based on
the base design’s strength. The strength is calculated by Finite
Element Analysis (FEA), more specifically the maximum value of
the “Utilization” metric output by Karamba3D [15], which indicates
the stress-to-capacity ratio under simulated load value.

After FEA is finished, the system computes the stress distribu-
tion throughout the model and extracts the maximum stress value
based on the load input. This value is compared with the allowable
stress provided by the selected wood species. If the maximum stress
exceeds the allowable limit, the system judges it structurally unsafe
and continues searching other updates; otherwise it returns “No
update”.

In our evaluation, both wooden members and 3D-printed joints
are checked, so the governing failure mode—including printed-joint
failures observed in Fig. 8 controls feasibility. Allowable stresses for
wood are taken from the user-selected species, and no additional
safety factor is applied in the score (i.e., 𝛾 = 1.0). For ranking, we
compare the “Utilization” metrics of the base and a candidate that
are denoted as

𝑉str =
𝑈cand
𝑈base

— (Eq. 2)
Here, 𝑈base denotes the maximum utilization of the base design
under the specified load case, and𝑈cand denotes the corresponding
maximum utilization for a candidate update. By construction,𝑉str >
1 indicates that the candidate performs better than the base, 𝑉str =
1 indicates the same as the base, and 𝑉str < 1 indicates worse
performance.

5.1.2 Fabrication Cost. The system estimates the fabrication cost
(𝑉𝑓 𝑎𝑏 ) ranges from -1.0 to 0.0, based on two components: wood
cost and the material cost of 3D-printed parts. The wood and 3D-
printing costs are calculated based on the number of additional
wooden members and printed joints. Specifically, the costs of each
additional woodenmember and printed joint are set to 1.0 no matter
what kind of printing materials and wood species. Furthermore, if
a printed joint is larger than base design’s joint, its cost increases
proportionally. When those parts were added, negative number of
cost of the part is added to𝑉𝑓 𝑎𝑏 . The total fabrication cost becomes
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a negative number. The design updates that exceed the specified
max budget are excluded. To incorporate fabrication cost into the
overall scoring function, we use the inverse of its absolute value.

𝑉𝑓 𝑎𝑏 = 1
𝑥+𝜖 — (Eq. 3)

Where 𝑥 denotes the predefined fabrication cost for each design
update, and 𝜖 is a small constant to prevent division by 0. In this
formulation, lower-cost designs receive higher scores.

5.1.3 Aesthetic Consistency Score and Crowd-BT Model. The aes-
thetic consistency score (𝑉𝑎𝑒𝑠 ) is calculated by Crowd-BT model [5],
which is built upon an impression evaluation survey. Here we de-
scribe the model to calculate a ranking of pairwise evaluation of the
survey. Crowd-BT model accounts for evaluator biases employed in
crowd-sourcing on top of the Bradley-Terry (BT) model. This prob-
abilistic model estimates rankings even when evaluator preferences
are inconsistent or biased.

Using the Crowd-BT model, the resulting impression-impact
vector 𝑠’s amplitude serves as the aesthetic-score term𝑉𝑎𝑒𝑠 in Eq. 1
which are normalized to the range [0.0 - 1.0]. The vector 𝑠 quantifies
how much each design update deviates in impression from the
base design. The vector 𝑠 is calculated by solving the following
optimization problem:

𝑀𝑎𝑥
𝜂,𝑠

𝐿(𝜂, 𝑠) + 𝜆𝑅(𝑠) — (Eq. 4)

𝑠 .𝑡 . 0 ≤ 𝜂𝐾 ≤ 1,∀𝑘 ∈ {1, ..., 𝐾} — (Eq. 5)
The functions 𝐿(𝜂, 𝑠) and 𝑅(𝑠) are defined as follows:

𝐿(𝜂, 𝑠) =
𝐾∑
𝑘=1

∑
(𝑖, 𝑗 ) ∈𝑆𝑘

𝑙𝑜𝑔(𝜂𝑘 𝑒𝑠𝑖

𝑒𝑠𝑖 +𝑒𝑠𝑗 + (1 − 𝜂𝑘) 𝑒
𝑠𝑗

𝑒𝑠𝑖 +𝑒𝑠𝑗 ) — (Eq. 6)

𝑅(𝑠) =
𝑁∑
𝑖=1

(𝑙𝑜𝑔( 𝑒𝑠0
𝑒𝑠0+𝑒𝑠𝑖 ) + 𝑙𝑜𝑔(

𝑒𝑠𝑖
𝑒𝑠0+𝑒𝑠𝑖 )) — (Eq. 7)

Here, 𝜂 = (𝜂1, ..., 𝜂𝐾 )𝑇 is evaluator reliabilities which is defined
as a K-dimensional vector, where 𝜂𝐾 ∈ [0, 1] represents a parame-
ter indicating the extent to which evaluator 𝑎𝐾 ’s judgments align
with those of an average evaluator. Higher values indicate stronger
agreement with the average, while lower values indicate greater
deviation. The model jointly estimates evaluator reliabilities 𝜂 and
𝑠 for each design option, improving ranking accuracy by solving
optimization problem in Eq. 4 and Eq. 5.

5.2 Crowd-sourced Impression Survey

In this section describes the method to derive the aesthetic consis-
tency ranking of 47 chair designs (see Fig. 15). We first report the
impression evaluation survey conducted with crowd-sourced par-
ticipants, and then describe the analysis of the results via CrowdBT
model.

5.2.1 Pairwise Impression Survey. A straight-forward way to make
a ranking is to ask all the participants to sort the 47 updates ,
however, it is a heavy task to remember all the candidates and
switch back the order with trials and errors. Instead, we collected
prepare chunks of pairwise comparisons and let participants focus
on one comparison for each. For example in Fig 5, 𝑦14 and 𝑦22
are shown and a participant selects one of them that looks more
different to the base design. This procedure requires only 𝐾 + 1
judgments to rank 𝐾 pairs, whereas a full pairwise design requires
2𝐾 judgments.

Base design Chair A Chair B

Which do you feel is different from the base design, chair A or chair B?

Figure 4: Example task in the impression-evaluation survey.

A participant is asked to select A or B which is more different

from the base design (on the far left).

The responses were stored on a per-participant, preserving each
individual’s response to every comparison. We then analyzed these
response patterns to detect inconsistent or outlying behavior and es-
timated a reliability score for each participant. This reliability score
was used as a weight when computing the aesthetic consistency
ranking.

5.2.2 Results of Crowd-sourced Survey. The participants were re-
cruited on a crowd-sourcing platform [21]. They were asked about
prior experience with 3D CAD or furniture design. In total 376
people participated (227 male, 149 female; age 22–68, mean 44). 25
participants (18 male, 7 female) had 3D CAD experience and 15
participants (11 male, 4 female) had experience in furniture design.

Table 1 lists the five highest-ranked updates; all of them were
judged to have only a minimal visual impact and therefore remain
close to the base design (e.g., IDs y14, y31, y23). Conversely, Table 2
shows the five lowest-ranked updates, which evaluators perceived
as markedly divergent from the baseline (e.g., IDs y22, y30, y13). The
complete ranking of 47 update designs based on the 𝑃1 is provided
in Fig. 10 in Appendix.

Table 1: The top five impres-

sion impact ranking.

Ranking ID 𝑠𝑖

1 𝑦14 1.00
2 𝑦31 9.95 × 𝑒−3
3 𝑦23 9.81 × 𝑒−3
4 𝑦21 9.52 × 𝑒−3
5 𝑦11 9.50 × 𝑒−3

Table 2: The bottom five im-

pression impact ranking.

Ranking ID 𝑠𝑖

47 𝑦22 0.00
46 𝑦30 1.26 × 𝑒−3
45 𝑦13 4.29 × 𝑒−3
44 𝑦17 7.68 × 𝑒−3
43 𝑦32 7.74 × 𝑒−3

5.3 Implementation Details

All processes were conducted on a computer with an Intel Core
i7-7700HQ CPU and a GeForce GTX1050Ti graphic board. The sys-
tem was developed using Rhinoceros 7 [31], along with its plugins
Grasshopper, Karamba3D [15], and HumanUI [4]. These tools were
integrated to enable seamless 3D modeling, structural analysis, and
user interface creation.

The Crowd-BTmodel was implemented inR using the BradleyTerry2
package [9]. The Crowd-BT model in R are initialized by setting all
𝜂 values to 1.0 and all 𝑠 values to 0.0.
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Base design Top: y14 Worst: y22

Figure 5: The best (𝑦14) and the worst (𝑦22) of the ranking

comparing with the base design.

The connection between wooden members and 3D-printed parts
is a mortise and tenon joint whose section is a square shape (Fig-
ure 6). The edge of wooden members are offset inward, and 3D-
printed parts are engraved as it has inverted shape.

30mm

30mm

60mm

20mm

(a) (b)

60mm

(c)

29mm

20mm

Figure 6: A close-up of a joint-member connection. (a) Tenon

part of the woodenmember, inset by 5 mm on each side from

the original 30 mm · 30 mm section.(b) Mortise on the 3D-

printed joint, matching the tenon dimensions. (c)Assembled

state showing the mortise and tenon joint with a 60 mm · 60
mm 3D-printed part.

For Mechanical testing, joints were fabricated on a Flashforge
Adventurer 5M [10] (0.40 mm nozzle, PLA, layer height = 0.20 mm).
The prototype’s joints were fabricated on a Zortrax M200 Plus
[41] (0.40 mm nozzle, PLA, layer height = 0.20 mm). The wooden
members used for the assembly measured 30 mm in width, 30 mm
height, and 300 mm length.

6 Evaluation

We evaluated the system under the given input conditions from
𝐶1 to 𝐶4 in Table 4. We test these conditions with the three design
policies (𝑃1, 𝑃2, and 𝑃3), and analyze how much improvement each
test achieved the results.

6.1 Conditions

The system was tested under specific conditions (Table 4) , and
the design updates based on those conditions were analyzed. The
parameters in the given conditions are wood species, load, and fab-
rication costs. In C1 and C2, we examined whether the system could
produce appropriate outputs under different loading conditions. In
C3, we tested whether the system could still generate valid designs
when a high load was applied to a weaker wood species. C4 was
designed to verify if “No update" are suggested by the system with
conditions that do not require extra reinforcement.

Three preference policies multiplied by four conditions, a total
of 12 validations were tested. We used the following weights for
each policy as in Table. 3.

Table 3: Weight values for policies

Policies 𝑤𝑠𝑡𝑟 𝑤𝑎𝑒𝑠 𝑤 𝑓 𝑎𝑏
𝑃1 1.0 2.0 1.0
𝑃2 1.0 -2.0 1.0
𝑃3 1.0 1.0 2.0

Table 4: The conditions for validation of the system.

ID
Wood types

[Young’s modulus(𝑘𝑁 /𝑐𝑚2)] Load value [kg] Max fab cost
C1 Ceder [750] 100 30
C2 Ceder [750] 110 10
C3 White birch [830] 150 15
C4 Oak [1200] 120 8

Table 5: Results of structural

score.

ID 𝑃1 𝑃2 𝑃3
C1 0.53 0.97 0.23
C2 0.81 0.86 0.64
C3 0.76 0.89 0.87
C4 — — —

Table 6: Results of fabrication

cost.

ID 𝑃1 𝑃2 𝑃3
C1 -0.81 -0.70 -0.23
C2 -0.54 -0.70 -0.36
C3 -0.81 -0.70 -0.36
C4 — — —

Table 7: Results of aesthetics consistency scores.

ID 𝑃1 𝑃2 𝑃3
C1 0.98 0.00 0.94
C2 0.63 0.00 0.53
C3 0.98 0.00 0.94
C4 1.00 1.00 1.00
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P1 P2 P3

Ceder

Pine

P1 P2 P3

P1Oak P2 P3

Figure 7: Examples of chair design updates under the three

policies (𝑃1, 𝑃2, and 𝑃3).

6.2 Results

As in Table 5 presents the results of the structural score. For details
on how the structural score is calculated, please refer to Section
5.1.1. Notably, the prioritize bold updates policy (𝑃2) yielded the
greatest reduction, contributing to structural strength. In contrast,
the preserve aesthetics and minimize cost policies (𝑃1 and 𝑃3 re-
spectively) also enhanced structural strength but showed more
limited improvements due to smaller design adjustments. Over pro-
longed use, these policies raise concerns about structural strength
compared to 𝑃2. As in Table 7, aesthetic scores were highest under
𝑃1, reaching 0.98 in C1, which closely mirrored the base design.
In contrast, 𝑃2 recorded score of zero, indicating they completely
failed to preserve the base design. While the minimize fabrication
cost policy (𝑃3) sometimes maintained moderate aesthetic levels,
its scores remained lower than those achieved by 𝑃1.

6.3 Mechanical Testing

This study employed a destructive load test to evaluate the mechan-
ical performance of the proposed joint. The test was performed on
both the base design’s joint and the updated joint, with three identi-
cal specimens prepared for each design to enable statistical compar-
ison. All tests were performed on an IMADA motorized test stand
(MX-500 N) equipped with an IMADA digital force gauge(DST-1000
N, measurement range 0–1000 N).

Each specimen consisted of a parts of the chair leg fitted with the
3D-printed joint and measured 300 mm in height and 270 mm in
width (see Fig. 12). A wooden support block (height: 105 mm, width:
90 mm) was screwed to a plywood base to clamp the specimen (see
Fig. 12—position 1). A single point compressive load was applied
vertically from above and positioned 160 mm to the left of the joint
(see Fig. 12—position 2). The load was increased continuously from
0 N to 500 N.

During the destructive test, load was applied continuously until
the specimen failed. All load data were recorded in CSV format,
and the failure process, including fracture of the 3D-printed joint,
was documented with video and photographs.

Table 8: Comparison of fracture loads between physical tests

and simulations for the two joint designs. (A) Base design’s

joint; (B) Updated joint. The physical-test values represent

the median fracture load obtained from three specimens.

Joint Physical test [N] Simulation [N]

A 86 93

B 126 130

A B

Figure 8: Connector failure; (A) Base design’s joint; (B) Up-

dated joint.

Figure 9: Prototype produced from the system output. (Left)

3D-printed joints, cedar beams, and plywood parts laid out

before assembly. (Right) Completed chair assembled.

The fractures were observed after the destructive load test is
presented in Fig. 8. The left image of Fig. 8 shows the base design’s
joint, where the seat-rail mortise fractured along the 3D-printing
layer direction. The right image of Fig. 8 shows the updated joint,
where the leg-member mortise failed along the same lamination di-
rection. In both cases, the experimentally measured failure load was
lower than the load associated with the maximum stress predicted
by the FEA.

6.4 Physical Prototype

We fabricated a prototype using cedar and PLA joints. The left
image of Fig. 9 shows all components prior to assembly: 3D-printed
joints (yellow), milled cedar beams, and plywood seat/back panels.
The right image of Fig. 9 shows presents the assembled chair. No
additional fasteners were required; press-fit tolerance was set to
0.15 mm.
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7 Discussion

In this section, we discuss the update tendencies, score variations,
and trade-off observed under the three policies, based on the evalu-
ation results.

7.1 Structural Score

Table 5 confirmed that structural performance improved after de-
sign updates under all the three policies. In particular, 𝑃2 showed
significant improvements in structural scores due to the bold global
design update. Meanwhile, 𝑃1 achieved a balance between aesthetic
consistency and structural strength, maintaining a design close to
the base design while improving capability. Under 𝑃3, design update
aimed at cost reduction also achieved moderate improvements in ca-
pability. These results indicate that the proposal policies adequately
satisfied structural requirements.

7.2 Aesthetic Consistency

Table 7 In particular, 𝑃1 achieved the highest scores, demonstrating
a high degree of similarity to the base design. This success likely
stems from adding structural elements and dimensional changes
without disrupting visual and perceptual consistency. In contrast,
𝑃2 showed a decrease in aesthetic consistency scores due to exten-
sive design update. Under this policy, significant changes in the
placement of joints and reinforcement materials led to noticeable de-
viations from the base design. Similarly, 𝑃3 showed a slight decline
in aesthetic consistency scores due to prioritizing cost reduction.
These findings suggest a trade-off between aesthetic consistency
and metrics like structural strength and fabrication costs.

This case study with the simple chair design was limited, but
design updates may different impact user impressions in more
complex or decorative designs. For example, in chairs with textured
surfaces or decorative designs, changes to reinforcement materials
or joint shapes could more noticeable impact on overall aesthetics.
Additionally, in chair designs that already include reinforcement
structures such as diagonal braces or horizontal bars, similar design
updates may help preserve aesthetics more effectively. As a results,
it is possible that the impact on impressions revealed in this study
may exhibit different tendencies.

8 Conclusion

As a summary, this paper presented a design-assist system to sup-
port the use of diverse wood species in furniture making. To address
the challenges of varying physical properties across wood species,
we use 3D-printed joints that allow for flexible design updates with-
out needing to remake wood machining setups—such as changing
jigs or tooling—by keeping the wooden parts consistent and adapt-
ing only the connector designs. While prior work has explored
3D-printed joints customizability and strength, we highlight their
untapped potential in enabling flexible sourcing of wood. Finally,
our impression evaluation study, analyzed using the Crowd-BT
model, adds an important dimension to the system by providing
objective, data-driven rankings of aesthetic similarity to the base
model.

One of the biggest limitation of our work is that the calculation of
aesthetic similarity is applicable only for the chair model appeared

in Fig. 1 and other figures. Generalizing the approach to support
a broader range of furniture types and structural configurations—
such as tables, shelves, and beds—would require two key extensions:
(1) expanding the library of joint types and reinforcements to sup-
port a more diverse set of connections, and (2) collecting additional
crowd-sourced data to enable ranking of types of structures. In ad-
dition, the current optimization strategy relies on exhaustive search
over a discrete design space. It would be valuable to explore more
advanced optimization methods, incorporating continuous design
parameters and employing a more advanced optimization frame-
work for more efficient exploration of the design space and greater
flexibility in generating high-performing solutions, especially if the
complexity of the problem increases—with more connection types
and structural variations. Furthermore, future systems could incor-
porate an interactive feedback loop in which design suggestions
are informed by accumulated user feedback, enabling automation
of personalized design updates.
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A Appendix

A.1 Design Candidates

Fig. 15 shows the full set of design candidates—discrete outputs of
the parameterized designs based on the four design update strate-
gies (refer to Fig. 3), which were determined in the preliminary
study (refer to Fig. 3).

Fig. 14 shows the adaptation of the design update strategies (refer
to Fig. 3), which were determined in the preliminary study (refer
to Fig. 3)—were adapted to the stool model.

A.2 The Results of Crowd-BT Detail

Fig. 10 shows the ranking results of all 47 design candidates es-
timated by the Crowd-BT model. These rankings are based on
pairwise comparison data collected from participants during the
impression evaluation and reflect the inferred preference tendency
for each candidate. The results complement Table 1 and Table 2
presented in Section 5.2.3. This ranking corresponds to the 𝑃1 (the
policy prioritizing aesthetic consistency).

A.3 Details of the Simulation and Mechanical

Tests

Finite Element Analysis (FEA) needs the following information:
wood species, models of the base design (a 3D mesh model and an
analytical model), and loading conditions (with a load value and its
direction, and a loading point). When a wood species is selected,
the system retrieves its mechanical specifications such as Young’s
modulus, shear modulus, and yield stresses for different directions
(𝑘𝑁 /𝑐𝑚2), and specific weight (𝑘𝑁 /𝑐𝑚3). Fig. 11 shows the mesh
and analysis models—(A) the design-interaction mesh and (B) the
structural analysis model composed of beam and shell elements.

A. Mesh model B. Analytical model

Figure 11: Comparison between (A) the mesh model used

for design interaction and (B) the analytical model used for

structural simulation. The analytical model consists of beam

and shell elements.

Fig. 12 shows the experimental setup for the mechanical test. (A)
represents the setup for the base design’s joint, and (B) represents
the setup for the updated joint. The loading position and overall
dimensions were kept identical for both conditions. Each specimen,
composed of a portion of a chair leg and a 3D-printed joint, was
fixed to a plywood base using a wooden support block (position 1
in Fig. 12 A). A single-point load was applied vertically from above,
160 mm away from the joint (position 2 in Fig. 12 A), increasing
continuously from 0 N to 500 N. Force data were recorded at a rate
of 10 frames per second.

2

1

(A) Base design joint (B) Updated joint

Figure 12: Chairs preparation on the test; (A) Base design’s

joint; (B) Updated joint.

In Fig. 13 shows the force–frame-number curves obtained from
the destructive tests. (A) shows the results of three trials for the
base design’s joint, while (B) shows those for the updated joint. The
tests were conducted under identical loading conditions to compare
their structural strength.
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Figure 10: Complete ranking results estimated by the Crowd-BT model under the 𝑃1 (the policy prioritizing aesthetic consis-

tency).
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Figure 13: Force–frame-number curves obtained from the destructive tests. A: three trials for the base-design joint. B: three

trials for the updated joint

A. Adding diagonal braces B. Adding horizontal barsBase design C. Adjusting seat frame dimensions D. Adjusting the joint shape

Figure 14: Extracted design update strategies applied to the stool version: (A) diagonal braces, (B) horizontal bars, (C) thickening

members, and (D) stronger joints.
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Figure 15: Parameterized design variations used in the impression evaluation survey. Each column visualizes the chair after

systematically varying a single parameter within one of the four update strategies presented in Figure 3.
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