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Figure 1: Our system allows users to explore product design variations by manipulating scaffold lines. (a) A 3D analytic drawing,.
Scaffold lines and shape curves are shown in black and white, respectively. (b, ¢, d) Exploring a design variation by raising the
top scaffold lines. Our system determines a new set of constraints for the scaffold lines and then deforms the shape curves. (e)
Users can draw free-form detail strokes. (f, g) The detail strokes also deform when scaffolds are manipulated. (h) The user can

hide the scaffolds to view the edited result.
Abstract

Product design is an iterative process involving several kinds of
drawing techniques. Analytic drawing, which involves the use of
guidelines or scaffolds to draw the object’s shape curves, aids in
achieving precision and accuracy. Freehand drawing allows design-
ers to add details without guidance. The set of scaffold, shape, and
detail curves are heavily interrelated. As a result, once a draft set
of curves is completed, modifications are extremely difficult. This
impedes iterative exploration.

We propose to use scaffold manipulation in virtual reality to
assist designers in exploring and modifying their product designs.
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Our key insight is that the same scaffolds designers create for ana-
lytic drawing provide an intuitive set of handles. Given a scaffolded
3D product sketch as input, our VR-based system allows designers
to directly manipulate the scaffold lines and add detail strokes in
any order. Whenever scaffold lines are edited, our system solves
for a scaffold line configuration that preserves inter-scaffold rela-
tionships. The shape and detail curves are then deformed to match
the new scaffold lines. This allows exploratory product design in
which a simple template scaffolded 3D drawing is modified and
detailed—and further modified—to create a variety of designs. We
validated our approach with professional product designers.

CCS Concepts

« Human-centered computing — Virtual reality; Interactive
systems and tools; - Computing methodologies — Shape mod-
eling.
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1 Introduction

Sketching is widely used in the early stages of product design to
quickly convey ideas. Product designers often use analytic drawing
[13 33, a standard technique taught at design schools in which
sca old lines are drawn to assist in accurately drawing tkbape
curvedle ning the object. This approach can be used for accurately
drawing perspective on paper (Figure 2) or strokes in 33 8.

In contrast, freehand drawing involves drawing without guidance
and is often used to addetailsto a sketch that do not require a
high level of accuracy. Although product design is fundamentally
an iterative process involving both technique3(, editing an ana-
lytic drawing is extremely di cult due to the interrelation between
sca old, shape, and detail curves. This impedes rapid design ex-
ploration. Designers must draw a new drawing for each design
variation, possibly tracing (physical) or copying (digital) parts of
an existing drawing they wish to keep or can salvage.

Due to its e ectiveness, this technique has garnered signi cant
research interest16 20 35 38, including approaches for automat-
ically lifting 2D analytic drawings into 3D 16 1§. The structure
that sca olds provide for accurate drawings is also useful for compu-
tation. For example, sca old lines are often perpendicular, parallel,
or equal length to each other. Shape curves often intersect sca old
lines tangentially (Figure 2 (b)).

Given a sca olded 3D product sketch as input, we propose to
let usersmanipulatethe sca olds for product design exploration.
Because shape curves are drawn in relation to sca olds, and detail
curves are drawn in relation to shape curves, sca olds provide an
intuitive set of handles. Moreover, designers already draw sca olds.
To facilitate exploration, users can iteratively manipulate and add
detail strokes in any order. As manipulating sca old lines may break
previous constraints (such as perpendicularity, parallelism, and
equal length) and imply new ones, one challenge we address is in
deciding which sca old constraints to release and apply. Another is
propagating the sca old modi cation to the shape and detail curves.
These core technical contributions are relevant regardless of the
interaction modality (VR or desktop). We report on a prototype
using VR controllers for direct manipulation of 3D sca olds and
drawing 3D detail curves. Our approach can also be applied to
mouse-and-monitor-based 3D interfaces once 2D input is lifted
or projected into 3D. We performed an expert utility study with
professional product designers. We focus on the design variation
aspect of work ows, and leave integration into tools fate novo
creation as future work.

Unlike existing tools for shape editing, our approach is specif-
ically designed for creatinglesign variationsSketching design
variations is a common practice in exploratory product design. De-
sign sketching curricula, sketching books (e.d.3), and research

Figure 2: (a) The user begins by drawing sca olds lines. (b)
Guided by these sca olds, the user draws shape curves which
de ne the object itself. (c) Finally, the user adds details to
the sketch. The details are unguided by sca olds. ©Berkay
Gursoy

on exploring design variations (e.g3][ [31]) have all established
the importance of this stage. Existing practice uses pencil sketching
do draw variations, but is limited by the constraints of the medium:
the need to re-draw many sca olds and the inability to take advan-
tage of deformation. Digital tools support deformation, but don't
respect the constraints or a ordances of analytic drawings. Our
approach lIs a hole in the literature for deforming (sca old-based)
analytic drawings in 3D. It allows industrial designers to combine
their separate sca old sketching and digital deformation skills in a
very natural way.

2 Related Work

Our system lies at the intersection of analytic drawing, virtual
reality drawing, and shape editing.

Analytic Drawing.Gryaditskaya et al[16, 17], Hahnlein et al
[19], Hennessey et a[20], Kim et al [24], Schmidt et al[35], Yu
et al [38]all explored various computational approaches to analytic
drawing. Gryaditskaya et a[17] collected a database of product de-
sign sketches and distilled a taxonomy of line types. Gryaditskaya
et al. [16] and Hahnlein et al[18] algorithmically lift pre-existing
2D analytic drawings into 3D. As an application, they show that
desirable variations can be obtained by non-uniform scaling in 3D.
We were inspired by this demonstration of an edit that can only
be performed on a 3D sketch. Hennessey e{20] introduced an
algorithm that automatically generates step-by-step analytic draw-
ing tutorials for 3D objects, with a focus on helping designers draw
appropriate sca olds. Hahnlein et a[19] introduced an inverse
algorithm that synthesizes a 2D analytic drawing from a sequence
of CAD commands. In the course of creating the 2D analytic draw-
ings, these two approaches create 3D analytic drawings (sca olds
and shape curves) that can be used as input to our approach. See
Camba et al[10]for a survey on sketch-based modeling approaches
for turning engineering drawings into CAD/CAM/CAE models. In
combination with the previous two approaches, the surveyed ap-
proaches could potentially be used to create 3D analytic drawings
as input for our system.

The most closely related works to ours are by Schmidt et al
[35] and Yu et al[38]. Schmidt et al[35] developed an interactive
drawing tool that lifts 2D pen-based input into 3D based on the
assumption that the user is drawing sca old and shape curves in
perspective. Yu et a]38] explored analytic drawing in VR where the
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