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Figure 1: Two complementary controls for trading material usage against structural performance: modifying geometry (left) 
and modifying infill (right). We show examples of a strength-first setting (top) and a material-saving setting (bottom). 𝐶 denotes 
the change in compliance (lower is stiffer) and 𝑀 denotes the change in material usage, both relative to the baseline. 

Abstract 
The growing adoption of 3D printing presents significant environ-
mental challenges, including material waste, high energy consump-
tion, and the use of non-biodegradable polymers. To address this, 
we introduce a prototype tool for more sustainable fabrication. Our 
system features a user interface that reports key fabrication metrics, 
including material consumption and allows users to balance these 
against structural requirements such as mechanical strength. This 
is enabled by a multi-objective optimization framework driven by 
a differentiable simulator, which supports interactive refinement 
of designs toward improved resource efficiency. We evaluate the 
prototype in a simulation benchmark, demonstrating that it sur-
faces meaningful material–strength trade-offs across a range of 
functional shapes. 
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1 Introduction 
While 3D printing offers environmental benefits by enabling cus-
tomized, on-demand fabrication, it also introduces unintended en-
vironmental consequences. For instance, an estimated 32% of all 
3D printing material is discarded as waste [7], much of which is 
not biodegradable. To address this, the research community has 
proposed various solutions to make 3D printing processes more 
sustainable at different stages of the lifecycle. 

These solutions, however, typically target a specific part of the 
sustainability life-cycle, ignoring the joint trade-offs of various com-
peting objectives. For example, a tool that promotes eco-friendly 
materials might inadvertently increase print time or energy con-
sumption. Crucially, sustainability goals must also be balanced 
against the object’s functionality. We can save material by printing 
objects with less infill or thinner walls, but these changes could 
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compromise the structural integrity of the printed part. Effective 
integration of concurrent objectives calls for a holistic view of the 
print and simultaneous optimization across different sustainability 
metrics as well as performance metrics. 

To this end, we present an interactive prototype system that helps 
users explore the trade-off between material usage and mechanical 
behavior. Given a text prompt and a simple load case, the system 
generates a small set of candidates spanning the trade-off space 
using a differentiable mechanics backend. Users can compare (1) 
geometry variants that trade stiffness for material usage and (2) 
graded infill profiles that redistribute material within a chosen 
geometry. The interface summarizes predicted material usage and 
mechanical metrics for each option, enabling users to select and 
export a configuration that matches their priorities. 

2 Related work 

2.1 Sustainability in fabrication 
Prior HCI and fabrication research has examined sustainability 
across personal fabrication workflows, including reducing mate-
rial use, energy consumption, and end-of-life waste. One com-
mon strategy is to reduce material during early prototyping [9]. 
Other systems focus on reuse [17]. Beyond reducing usage, re-
searchers have explored alternative materials and end-of-life strate-
gies [11, 19]. Other systems focus on deploying more sustainable 
filaments within functional prints [10]. 

In contrast to approaches that intervene primarily through low-
fidelity previews, scrap insertion, or material substitution, our sys-
tem focuses on design-time optimization. By jointly optimizing 
geometry and spatially varying infill, our approach reduces mate-
rial usage while preserving structural performance, enabling users 
to explore these trade-offs during modeling rather than post hoc. 

2.2 3D printing and its effect on the 
environment 

Desktop FDM printing produces substantial waste due to iterative 
trial-and-error, failed prints, and support material. Empirical studies 
of fabrication workflows show that printing errors can lead to 
significant material and energy loss [14], and analyses of open 
workshop environments document high failure rates and recurring 
failure modes that compound waste across iterations [15]. Life-
cycle assessment (LCA) studies further indicate that environmental 
impact is strongly correlated with part mass and print time, which 
determine both material usage and energy consumption [2, 5, 6]. 

These findings motivate tools that expose sustainability implica-
tions during design, when changes are inexpensive to make. Our 
system follows this direction by explicitly accounting for material 
usage alongside mechanical metrics, supporting informed trade-offs 
during design exploration. 

2.3 Fabrication-aware design tools 
A substantial body of HCI and graphics research integrates fabri-
cation constraints and physical reasoning into interactive design 
tools. Fab Forms precomputes valid regions of parametric design 
spaces, enabling customization while maintaining manufacturabil-
ity [12]. More recent work incorporates fabrication awareness into 

Figure 2: Prototype interface for exploring material–strength 
trade-offs. Users enter a prompt and specify a load case, then 
(Step 1) compare three geometry candidates, (Step 2) choose 
among three graded-infill profiles for the selected geometry, 
and (Step 3) review predicted metrics and export the chosen 
configuration. 

generative modeling: Style2Fab segments generated models based 
on functional requirements to support fabrication [4], and Mech-
Style integrates finite-element analysis into generative stylization 
to preserve structural integrity [3]. In computer graphics, struc-
tural optimization methods modify geometry or internal structure 
to satisfy mechanical constraints while reducing mass, including 
stress-based reinforcement [16], sparse internal frames [18], and 
optimized hollow or cellular interiors [8]. 

Our backend builds on recent differentiable, physics-driven op-
timization pipelines for generated geometry [21]. We extend this 
system by combining fabrication-aware structural optimization 
with sustainability-oriented objectives, including material usage. 
By co-optimizing geometry and graded infill and exposing the re-
sulting trade-offs through an interactive interface, our approach 
supports designs that balance mechanical requirements with re-
source efficiency. 

3 Method 
Our method enables users to analyze and optimize the environmen-
tal and mechanical performance of a 3D object prior to fabrication. 
Our pipeline has three stages: (1) problem definition (design param-
eters and metrics), (2) differentiable simulation, and (3) optimization 
to expose trade-offs. We use TRELLIS + PhysiOpt as the backend 
physics-based optimization engine [20, 21]. PhysiOpt solves linear-
elastic FEM on a hexahedral grid and returns per-element strain 
energies and element-wise sensitivities that can be backpropagated 
to TRELLIS latents for gradient-based updates [21]. Below we fo-
cus on our key contributions: (i) explicit total material-volume 
accounting with a volume-aware objective, (ii) spatially varying 
infill density computed from a material-benefit metric, and (iii) a 
UI that allows users to explore design–sustainability trade-offs. 
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Figure 3: Prompt benchmark results over 40 prompts (simulation). Left: geometry-level trade-offs relative to the baseline. 
Middle: graded-infill trade-offs on the baseline geometry. Right: aggregate material usage and compliance for the different 
geometry–infill configurations across prompts. 

3.1 Problem formulation 
We define a 3D-printable design by (a) a geometry and (b) an infill 
field, evaluated under a user-specified load case (boundary con-
ditions and external forces). We consider two performance axes: 
sustainability (material usage) and mechanical viability (stiffness 
and stress under load). 

Users can explore the sustainability–strength trade-off in two 
ways: geometry optimization makes coarse, shape-level changes 
that reduce (or add) material, while graded infill fine-tunes where 
material is placed inside a chosen shape. 
Design parameters 
Geometry. Following PhysiOpt [21], geometry is parameterized 

by latent variables 𝝅 decoded by TRELLIS into a sparse hexahedral 
grid with per-element densities 𝜌𝑒 ∈ [𝜌min, 1] [20]. Let 𝝆 = {𝜌𝑒 }𝑁𝑒

𝑒=1 
denote the resulting density field over the 𝑁𝑒 active elements. 

Graded infill. We additionally assign a per-element infill multi-
plier 𝛼𝑒 ∈ [𝛼min, 1], yielding an effective density 

𝜌𝑒 = 𝜌𝑒 𝛼𝑒 . (1) 

We denote the effective-density field as ˜ 𝝆 = { 𝜌𝑒 }𝑁𝑒 
𝑒=1. For our bal-

anced baseline, we use a uniform infill setting 𝛼𝑒 ≡ 0.5. 
Performance metrics 
Material usage. Let 𝑣𝑒 denote element volume. We define density-

weighted material volume, 

𝑉mat 
 
𝝆 
 
= 

𝑁𝑒∑︁ 

𝑒=1 

𝜌𝑒 𝑣𝑒 , (2) 

and under graded infill, 

𝑉mat 
 
𝝆̃ 
 
= 

𝑁𝑒∑︁ 

𝑒=1 

𝜌𝑒 𝑣𝑒 . (3) 

(For our uniform hexahedral grid, 𝑣𝑒 is constant across elements.) 
Mechanical viability. We use PhysiOpt to evaluate mechanical 

response under load via linear-elastic FEM and report: (i) compliance 
𝐶 (𝝆) (lower implies a stiffer structure), and (ii) stress summaries 
(maximum von Mises stress max 𝜎vM [21]). 

3.2 Differentiable simulation 
Given 𝝅 and a load case, TRELLIS decodes a hexahedral density grid 
𝝆 and PhysiOpt runs linear-elastic FEM to obtain displacements, 
stresses, and per-element strain energy. PhysiOpt also provides 
element-wise sensitivities that can be backpropagated to 𝝅 for 
gradient-based updates [20, 21]. Our method uses this backend 
directly; the remaining sections describe what it adds. 

3.3 Volume-aware objective for geometry 
optimization 

We explicitly account for total material volume (as opposed to just 
minimizing changes in geometry) during geometry optimization. 
Using Eq. 2, we optimize the volume-aware objective 

𝐽 
 
𝝆 
 
= 𝐶 

 
𝝆 
 
+ 𝜆stab 

𝑉mat 
 
𝝆 
 
− 𝑉0 

 + 𝜆min𝑉mat 
 
𝝆 
 
, (4) 

where 𝐶 (𝝆) is the compliance returned by PhysiOpt [21] and 𝑉0 is 
the initial material volume. In our implementation, we apply the vol-
ume terms as additional element-wise gradients using 𝜕𝑉mat/𝜕𝜌𝑒 = 
𝑣𝑒 : the stabilization term contributes 𝜆stab sign(𝑉mat − 𝑉0) 𝑣𝑒 and 
the minimization term contributes 𝜆min𝑣𝑒 . These element-wise gra-
dients are combined with the backend compliance sensitivities and 
backpropagated through TRELLIS to update 𝝅 via the PhysiOpt op-
timization loop [21]. Varying (𝜆stab, 𝜆min) yields geometry variants 
that trade stiffness for material usage. 

3.4 Sensitivity filtering 
To reduce checkerboard artifacts when combining compliance and 
volume terms, we apply standard sensitivity filtering from topology 
optimization [1, 13]. We smooth element-wise sensitivities with a 
local, distance-weighted neighborhood average and backpropagate 
the filtered sensitivities through TRELLIS (𝑟filt = 1.5 grid units). 

3.5 Graded infill density 
Given a fixed geometry density field 𝝆, we compute a spatially 
varying infill multiplier 𝜶 = {𝛼𝑒 } from a single FEM evaluation. Let 
𝑤𝑒 denote the per-element strain energy returned by PhysiOpt [21]. 
We define a material-benefit score as an energy per unit material 
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“cost,” 
𝑠𝑒 = 

𝑤𝑒 

𝜌𝑒 𝑣𝑒 + 𝜀 
, (5) 

where 𝜀 > 0 avoids division by zero. We standardize 𝑠𝑒 across 
elements to obtain 𝑠𝑒 (z-score normalization) and map it to infill 
via a shifted sigmoid: 

𝛼𝑒 (𝜏 ) = 𝛼min + (1 − 𝛼min) sigmoid 
 
𝛽 (𝑠𝑒 − 𝜏 ) 

 
, (6) 

where 𝛽 controls the transition sharpness. We choose 𝜏 to match 
a target average infill ¯ 𝛼 over active elements which we solve by 
bisection (monotone in 𝜏 ). In our implementation, the balanced 
setting uses ¯ 𝛼 = 0.5. For manufacturability, we optionally smooth 𝛼 
on the voxel grid using local neighborhood averaging over occupied 
voxels; we account for this smoothing when solving this. Each 
candidate graded-infill design is evaluated by re-running the same 
PhysiOpt FEM solve with effective densities 𝜌𝑒 = 𝜌𝑒 𝛼𝑒 (Eq. 1), and 
we report (𝑉mat, 𝐶, max 𝜎vM) to show the trade-off. 

4 User interface and workflow 
We provide a lightweight interface for exploring sustainability– 
strength trade-offs before fabrication. Users start from a text prompt 
and a simple load case, then make two decisions: (1) choose among 
geometry variants, and (2) choose among graded infill profiles for 
the selected geometry (Figure 2). 

4.1 Layout 
The UI is organized around a main exploration area and a metrics 
sidebar. A top input row accepts a prompt and triggers analysis 
under the selected boundary and load conditions. The main area 
then shows three geometry candidates side-by-side (Step 1). After 
a geometry is selected, the UI presents three graded-infill options 
for that geometry (Step 2), visualized as an infill-density overlay. 
The sidebar (Step 3) summarizes predicted metrics for each option, 
including material usage (volume) and compliance (lower is stiffer), 
and supports exporting the selected geometry and infill. We in-
tentionally limit each stage to three candidates to reduce choice 
overload in a quick fabrication workflow while still offering a clear 
low–mid–high spectrum of alternatives. The workflow is as follows: 

(1) Provide an input. User enters a prompt and specifies bound-
ary and load conditions, and then runs the analysis. 

(2) Choose a geometry. The system generates three geome-
try candidates spanning the material–stiffness trade-off and 
presents their previews and metrics for comparison. 

(3) Add graded infill and export. For the selected geometry, 
the system computes three graded-infill profiles (low/medium/high 
average infill), re-evaluates predicted metrics, and allows ex-
porting the chosen configuration. 

5 Evaluation 
We evaluate the prototype with a simulation benchmark that quan-
tifies the material–stiffness–stress trade-offs exposed by our two 
controls (geometry variants and graded infill). All candidates are 
evaluated with the same TRELLIS and PhysiOpt backend (Section 3). 
Protocol. For each prompt, we generate three geometry variants 
(material-saving, balanced, and strength-first). For each geometry, 
we compute three graded-infill profiles with target average infill 
¯ 𝛼 ∈ {0.2, 0.5, 0.7} (low/medium/high). This yields 9 graded-infill 

candidates per prompt (3 geometries × 3 infills), plus geometry-
only variants with uniform balanced infill (𝛼𝑒 ≡ 0.5). We treat the 
unmodified baseline as the balanced geometry with uniform infill 
and report changes relative to this baseline. For each candidate we 
report material usage ( ˜ 𝑉mat), compliance 𝐶 (lower is stiffer), and 
maximum von Mises stress max 𝜎vM. 
Results. Figure 3 shows that the geometry variants shift overall 
material usage and stiffness (left), while graded infill provides addi-
tional trade-offs for a fixed geometry (middle). To summarize the 
material–stiffness trade-off with simple statistics, we report the 
best material reduction achievable under a bounded stiffness loss, 
where stiffness loss is defined as an increase in compliance relative 
to the baseline. Under a +5% compliance limit, the best candidate 
reduces material by 3.3% ± 7.9% on average; relaxing the limit to 
+10% yields 5.8% ± 12.5%, and +20% yields 12.5% ± 16.3%. 

6 Limitations 
Our prototype focuses on material usage and mechanical proxies 
under simplified load cases using linear-elastic simulation. The 
reported print-time and energy quantities are estimates/proxies, 
and real prints may differ due to printer- and material-specific 
effects (e.g., anisotropy and layer adhesion). Extending the system 
to additional sustainability metrics and broader empirical validation 
are important directions for future work. 

Our current evaluation assumes a single, simplified static load 
case and linear-elastic behavior; real objects may experience multi-
directional loading, torsion, impacts, or cyclic fatigue, which can 
shift where reinforcement is needed. We also do not model buck-
ling or contact/friction effects, so thin-walled designs that look 
acceptable in linear FEM may fail via instability in practice. Finally, 
while we note printer- and material-specific effects, our simulation 
does not explicitly capture print anisotropy, inter-layer adhesion 
strength, or voids from under-extrusion; users should treat predic-
tions as comparative guidance rather than guarantees, and validate 
critical parts with conservative settings and real-world testing. 

In future work, we plan to expand sustainability beyond material 
volume by incorporating print-time and energy estimates derived 
from printer profiles and toolpath (or slicer) predictions, and by 
adding end-of-life signals such as recyclability/recycled-content 
materials. 

7 Conclusion 
We presented an interactive prototype that helps users explore 
material–strength trade-offs prior to fabrication by comparing ge-
ometry variants and graded-infill profiles generated with a differ-
entiable mechanics backend. In a simulation benchmark over 40 
prompts, the candidate sets consistently contained multiple non-
dominated options and enabled substantial material reductions 
under bounded stiffness loss. We see this as a step toward more 
resource-efficient personal fabrication workflows. 
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