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Figure 1: Physically adjustable 3D augmentations accommodate measurement error. From left to right: a tripod
mount with ball joint for angle adjustment, an assistive cabinet door handle with a second-iteration update (blue), a cup

holder with a flexible ring (light green), and an assistive door lever with an inserted cylinder joint to adjust diameter.

ABSTRACT
The growing accessibility of 3D printing to everyday users has
led to rapid adoption, sharing of 3D models on sites such as
Thingiverse.com, and visions of a future in which customiza-
tion is a norm and 3D printing can solve a variety of real world
problems. However, in practice, creating models is difficult
and many end users simply print models created by others. In
this article, we explore a specific area of model design that is
a challenge for end users – measurement. When a model must
conform to a specific real world goal once printed, it is impor-
tant that that goal is precisely specified. We demonstrate that
measurement errors are a significant (yet often overlooked)
challenge for end users through a systematic study of the
sources and types of measurement errors. We argue for a new
design principle—accommodating measurement error—that
designers as well as novice modelers should to use at design
time. We offer two strategies—buffer insertion and replace-
ment of minimal parts—to help designers, as well as novice
modelers, to build models that are robust to measurement error.
We argue that these strategies can reduce the need for and costs
of iteration and demonstrate their use in a series of printed
objects.
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INTRODUCTION
The arrival of consumer-grade 3D printing machines has cre-
ated new opportunities for consumers to make, create, and
innovate [15]. This shift to personal fabrication has benefited
from, and enhanced, the maker movement: amateurs can not
only passively consume 3D models with their personal 3D
printers, but also proactively customize, remix, and create
original models [18]. Sites such as Thingiverse.com facilitate
this by allowing people to share parametric 3D models and
customize them using the Customizer tool.

One popular application arising in the fabrication domain
is to augment one’s personal physical environment. This is
common among assistive technology models found online
(e.g., [2, 6]). However, if the original designer and the novice
modeler who prints the model do not have the exact same
object or environment, such augmentations may require further
customization to be made usable. For example, a model to
make a door knob easier to open by turning it into a lever must
be sized for the specific knob that it will be used on. Similarly,
a cup holder must fit the specific shape and volume of mug it
will be used with.

Many models and modeling tools along with much of the cur-
rent research in personal fabrication use parameterization to
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address this customization need. Given a suitably parameter-
ized model (for example based on the diameter of a doorknob),
and a correct measurement (of the actual doorknob), the model
can be adjusted to the measurement. In theory, the resulting
model just fits. This approach is in line with the skills of
novices, who may only be comfortable with parameter entry
and simple scaling [13]. However, as we will show, in prac-
tice correctly measuring a real world object is a surprisingly
difficult task for novices and this can have a significant impact
on customization of 3D models. Although 3D scanning is an
alternative, even then measurements may need to be extracted
digitally. Also, the quality of such scans is not dependable,
especially given the tools available to novices. In a study de-
scribed below, we found that issues with user error (such as
misaligning instruments and misreading units), measurement
instrument precision, and even task definition, combined to
make measurement error common. This is compounded by
the fact that 3D printing itself is not perfectly precise. For
example, some materials shrink slightly as they cool. Put
differently, measurements are at best approximations which
contain some degree of uncertainty. A model that is robust
to this uncertainty will be less likely to fail. In this paper we
address these problems through:

• Two studies to explore uncertainty in human measurement
behavior and categorize common causes of measurement
error in everyday measurement practices, as well as the
potential for better instructions to reduce error.

• Two modeling strategies that accommodate uncertainty.

• A 3D editor – FitMaker – that provides re-usable modular
parts that encapsulate these strategies and can be integrated
into existing models.

• A demonstration of printed objects modeled using these
uncertainty accommodation strategies.

In the next section, we discuss recent trends in making design
and iteration for fabrication more accessible to end users. We
then focus on measurement error, which represents a design
problem in any domain (e.g., [1]). However, in the field of
personal fabrication, little or no attention has been paid to the
impact of measurement error.

Following that, we characterize the amount of measurement
error to be expected. Our first study conducted on Amazon
Mechanical Turk shows that across 132 participants, three
measurement tasks, and multiple measurement instruments,
measurement accuracy ranges from 82%-99% (SD = 4:4),
meaning that some measurements were off by as much as
18%. Our second study tested whether better instructions
could help improve accuracy. Accuracy increased on the low
end to 90.8%.

Even with better instructions, measurement error is still an
issue. Thus, we developed two classes of techniques that mit-
igate uncertainty and thus reducing the number of iterations:
flexible buffer insertion; and replacement of minimal parts
by adding a joint at the point of uncertainty. We show their
values in three kinds of measurements (i.e. length, angle, and
diameter) and argue that they have diverse and complementary

benefits with respect to scale, the amount of expected uncer-
tainty they can accommodate, and the savings in print and
iteration time. We demonstrate these strategies in the context
of exemplar printed models.

Motivating Scenario
Stacey is a home 3D printing hobbyist who recently injured her
wrist and has to wear a splint. She has difficulty with the round
door knobs in her home, so she searches Thingiverse for ideas
about how to solve the problem. She finds a simple solution—
a part that adds a lever to the door knob. She downloads the
lever model and prints a test model. However, it is too large,
so the lever slips. She measures the circumference of her
door knob, but when she loads the model in her 3D modeling
software to resize it, she realizes that what she actually needs
to know is the radius or diameter. She calculates the diameter,
adjusts the model, and prints a new one. However, it fails again
because her scaling along the x-axis still did not result in the
right dimension. The scaled object shown in the software was
based on the outer diameter of the clamp, not inner diameter
(of the door knob). She adjusts again, and this time the fit is
much closer, but is still slightly too small. This is because
she measured the circumference with a tape measure, but did
not always align along the maximum circumference. After
correcting this, she prints with ABS, which shrinks and warps
so much that the lever still does not fit. Undeterred, she makes
yet another attempt (her fifth) by estimating how much the
lever might shrink and increasing the diameter to compensate.
Finally, after four failures, the lever fits.

Had Stacey succeeded on the first try, the time to make this
3D printed door lever would be 3.3 hours (estimated by Cu-
raEngine with normal settings: 20% infill; 0.2mm layer height;
and 30mm=s travel speed) plus minimal customization time.
However, with four failures, printing took approximately 13.5
hours and used four times as much filament. Adding in other
household obligations, instead of being able to use the door
handle on the same day, it could easily take her 3 days to
produce.

Although it may sound as though we intentionally exaggerated
Stacey’s struggles in fitting a 3D printed adaptation to a real
world object, in fact the types of errors just described are all
quite plausible and common, as demonstrated and quantified
by our studies described later.

RELATED WORK
Personal fabrication is entering the mass market. With more
and more people owning 3D printers, online maker communi-
ties have started to not only create designs, but also share and
remix them [18]. A common application of personal fabrica-
tion is augmenting real world objects to better fit individual
needs, e.g., [6]. However, for novices who just started learn-
ing 3D modeling, designing augmentations can be hard for
several reasons. First, it may be difficult to design the right
thing that fits individual needs. Many subtle details arise when
augmenting real world objects (e.g., how to attach [5]), which
increases the chance of an error. Second, design often involves
several iterations (particularly when it is open-ended). Speed
is an issue particularly for novices who may need to iterate



more because of design errors that are only caught after the
model is printed out.

Designing the Right Thing
Designing the right thing for a speci�c need can be a daunting
task for novice designers. One effective way of improving
this is narrowing the design space and providing a specialized
tool that encapsulates design knowledge about that space. For
example, Kimet al. created a tool for designing 3D printed
moveable picture books for for blind children [14]. In that vein,
Reprise system supports the design of assistive augmentations
for people with motor impairments [6]; Pteronyms supports
design of model airplanes [22]; SketchChair supports design
of furniture [20]; and Facade supports design of labels [9].
Alternatively, it is possible to provide tools that abstract away
some common aspect of the design process. For example,
Encore speci�cally helps with the sub task of attaching a 3D
printed object to a real world object [5]. A variation on that is
making the interaction with the modeling tool more intuitive.
For example, Tactum allows on-body design with a prototype
projected on the arm [7]. These tools share a goal of helping
users get to the right design more quickly and easily.

Supporting Iteration
Ultimately, it is reasonable to assume that unless the design
space ishighly constrained, iteration will be a fruitful and
necessary part of the design process. Unfortunately, consumer-
grade 3D printers are mostly very slow, elongating the iteration
cycle. To speed up 3D printing, researchers are experimenting
with a range of different printing techniques, such as printing
with multiple extrusion heads [10], printing with voxels in par-
allel in the same layer [11], or using entirely new technologies,
such as Continuous Liquid Interface Production (CLIP [4]).
On-the-�y printing combines real time design and printing
[19]. Low-�delity fabrication (e.g.,[16, 17]) adds an addi-
tional speed-up on top of these technologies. Alternatively, a
previous print may be patched without a full reprint [21], or
reshaped after printing [8].

To summarize, recent work has begun to tackle a wide range of
dif�cult problems that currently stand in the way of widespread
uptake of personal fabrication. This work has tried to reduce
the need for iterationvia better design tools, or to speed up the
iteration process. However, for the most part, such advances
are not based on empirical studies of the problems designers
face, nor do they address challenges such as measurement that
arise outside of design and printing process.

Measurement for Design
Measurement of existing objects is a long standing necessity
in engineering, industrial design, and architecture. A few stan-
dard guidelines for beginners along with a precise process to
reduce errors is introduced in [1]. To be aesthetically com-
pelling and functionally competent, a protocol for accurate
measurement was proposed in the product design area [12].
However, measuring ten times to get a relatively exact value,
or stepping through a ten-phase process to reduce error (as
suggested in [12]) is not practical, or viable, for novice model-
ers to follow. It is also possible to use technical solutions to
reduce errors. For example, in Facade blind users take a photos

of the appliance to be labeled along with a �duciary marker,
and computer vision techniques augmented by crowdworkers
are used to extract accurate measurements [9].

MEASURING MEASUREMENT
To understand human practices of measurement and the uncer-
tainty involved, we conducted two studies. The �rst study was
designed to give us an initial glimpse into the measurement
practices of everyday users. The second attempted to guide
users and improve on the results of our �rst study.

Study 1: Understanding Typical Measurement Practices
Our �rst study was designed to elicit information about how
people might approach a measurement task on their own. In
addition, we wanted to both qualitatively examine what sorts
of errors people made in measurement, and quantitatively
determine how large they were. Thus, we designed our study
to be open-ended for which measurement techniques might be
applied, but speci�c about the target values we expected to get
from the process.

Method
To reach a wide sample of people, we deployed the study as
an online survey on Amazon Mechanical Turk for four weeks
(27 days). The survey tasks included measuring(i) the height
of an iPhone (speci�ed models only),(ii) the angle of a fully
opened Mac laptop, and(iii) the diameter of a standard light-
bulb. These objects were selected to target cases where 3D
printed augmentation would apply, such as a phone case, lamp-
shade, and laptop stand. Also, these are each manufactured
in standard dimensions, making it possible to compare the
reported value with ground truth. Participants were asked to
report the model of the object to be measured, so that we could
determine the correct measurement. For example, given a
lightbulb's manufacturer and model number, we were able to
retrieve the physical dimension as reference.

Participants were told to measure each item twice (with two
different tools or method), so we could observe not only in-
dividual skill, but also the uncertainty generated by different
instruments and methods. This repetition was done on sepa-
rate pages of the electronically presented survey to minimize
copying. We also asked participants to upload photos of the
object and the measurement instrument, showing how they
conducted each task. This prevented cheating, and gave us
insights about where speci�c errors might come from. At the
end of each round, participants were asked to describe how
they conducted the measurement.

Data Preparation and Inclusion Protocol
The study was completed by 62 participants, who each com-
pleted multiple measurement trials. We eliminated trials in
which participants measured the wrong target (e.g.,measured
display length instead of the laptop's largest opening angle).
We also removed responses lacking valid photos (photos lack-
ing a demonstration of how the participant performed the
measurement, duplicate photos, images retrieved from the In-
ternet, and irrelevant photos). In the case of lightbulbs, we
removed two trials for which we could not retrieve ground
truth by the bulb model name. A total of 10 iPhone length
trials, 19 laptop hinge angle trials, and 10 lightbulb diameter



trials were rejected for these reasons. Thus, after removing
invalid measurements, the total sample size for each task is
different.

We also cleaned the data where possible. If numbers were
reported without units (or with obviously wrong units such
as inches for laptop hinge angle measurement), but we were
fairly certain of the correct units, we �xed them. For example,
if the participant typed 6.25 without unit for an iPhone 6 Plus's
height, we marked its unit as inches, based on a comparison
to the real dimension of 6.22 inches.

Next, we converted all measurements for a given task to the
same units (e.g.,we converted inches and centimeters to mil-
limeters). Finally, we calculated measurement accuracy. Be-
cause we allowed multiple models for each task, with different
true (ground-truth) values, calculation of average error and
accuracy was done with the following formula:
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WhereTd is the correct measurement for deviced, Md;t is the
set of all measurement instances for measurement instrument
t and deviced, andmd;t 2 Md;t is a speci�c measurement
instance.

Note that our qualitative data analysis considered all completed
surveys as well as partial answers with valid photos (same
criteria as above).

Study 1 Results: Measurement Approaches and Errors
Overall, participants chose a wide variety of measurement
instruments (as summarized in Table 2), some quite surprising
(such as a garden spade, eraser, string, electric tape and mug)
and others more ordinary (such as a ruler or protractor). Some
of the odder choices may have been driven by the requirement
to measure each item two different ways. Figure 2 shows
distribution of accuracy across the measurement trials. Accu-
racy was highest for length (leftmost boxplot), with a mean
of 98.2%. Since iPhone models range between 123.8mmand
158.2mmtall, this means that actual errors ranged from 2-3mm
in most cases (enough to affect the �t of a case, for example).
Angle was most variable, with a mean accuracy of 93%. Diam-
eter accuracy ranged from 87.2% to 97.6%. Viewed another
way, we can say that the box (or box plus whiskers) in Figure 2
represent themeasurement uncertaintyassociated with each
task.

Given the presence of uncertainty, we qualitatively explore
two sources of error (Table 1): Measurement technique, and
measurement instrument limitations. As is demonstrated by
the measurement technique section, human judgment plays
an important role in measurement uncertainty. For example,
people may make errors in decidingwhat to measureandhow
to measure. Similarly, Table 1 demonstrates howmeasurement
instrument limitations(such as precision) can affect accuracy.

What to measure?
The very �rst problem participants encountered was the dif�-
culty of determining the exact measurement target. This was

1. Measurement Technique Num
Not correctly aligned with the start or end 31
of the measurement target
Number rounded imprecisely, or in the wrong 29
direction (e.g.,24.9 to 24)
Measured the wrong target 23
Reported incorrect units 15
Inappropriate measurement instrument choice14
Not correctly aligned with the start of ticks 10
of the measurement instrument
Incorrect placement of measurement 5
instrument (slanted, not perpendicular, used
wrong reference point for angle)
Viewer perspective when reading measurement5
not straight on
Incomplete preparation of target object 3
(e.g.,did not take out accessory case, measured
Mac laptop on the stand)
Viewer read the wrong indicator 3
2. Measurement Instrument Limitations Num
Calculation error (e.g.,trigonometry, 15
circumference to diameter)
Measurement instrument distortion 11
(e.g.,curved, stretched)
Measurement instrument units too 9
large for suf�cient precision
Vague reference (e.g.,thumb, forearm, 9
screw driver, sharpie, cardboard, eraser)
Imperfect ticks (e.g.,worn out, hand drawn) 3
Hidden zero tick (causes alignment issues) 2
Short measurement instrument 1
(requiring multiple end-to-end measurements)

Table 1: Types of errors and practices observed in the
study.Numindicates the number of participants with
that type of error. Note that this is not an exclusive

count. For example, if a participant measured angle with
sewing tape by trigonometry, we counted this case in both

“measurement instrument distortion” and “calculation error”.

Figure 2: Distribution of measurement accu-
racy, for iPhone height(left), laptop hinge angle
(middle), and base diameter of lightbulb(right).

driven by the fact that real world objects often have curves,
bumps, and other design characteristics that make them beau-
tiful or usable, but not necessarily easy to measure.

For example, the iPhone 6 has rounded corners and edges
(Figure 3a). If a participant does not notice, he or she might



Figure 3: Unclear measurement target. Rounded
corners(a) and zigzag surfaces(b), make it hard
to align the measurement instrument correctly.

not measure from the true top to bottom, especially if the
measurement instrument is aligned with the edge of the phone
as in Figure 5a. If a participant does notice, then questions
arise about what to measure, and how to correctly account for
the curve. A participant may also introduce new errors (such
as holding the measurement instrument away from the rounded
edge, causing an unnoticed slight angle which introduces an
alignment error). Most participants chose to measure along the
edge rather than the center of the phone which better captures
the full length. For example, P32 stated:“I laid down the
phone on the table, and laid down the tape ruler on the side of
it.” (P32)

Another dif�cult example is the zigzag surface of the lightbulb
screw base shown in Figure 3b. Should a participant measure
at the minimum or maximum circumference? This is not a
straightforward question, and depends upon the reason for
measurement. In addition, this makes it dif�cult to align the
target and measurement instrument correctly. It is similarly
dif�cult to decide what to measure on a �exible or non-static
target such as soft fabric or a piece of yarn.

How to measure?
Table 2 summarizes the range of measurement instruments
and frequency of them being used, as well as the average
measurement accuracy for each instrument. The table only
shows measurement instruments used two or more times; all
instances used by only one participants are categorized as
“others”.

Several participants conducted the measurement tasks with
digital applications such as level apps, computer vision ap-
plications using a photo of target object with a US quarter as
reference, or Adobe illustrator tool path (e.g.,Figure 4). Some
of these applications function almost identically to a physical
measurement instrument once loaded on the screen. Others
allow users to manipulate the location of the zero tick to match
the item being measured. Some others involve taking a photo,
and measurements are then conducted in the application itself.
In this case, users specify the reference size using a �duciary
marker, then tap on key points for measurement, possibly with
the help of zoom to carefully align. Many digital applications
just turn the phone into a measurement instrument, leaving the
user with all of the same alignment issues as standard measure-
ment instruments. In addition, the accuracy of photo-based
measurement depends heavily on the angle at which the photo
was taken (otherwise a perspective error can occur, even with

iPhone Length(#) % Laptop Angle(#) %
Tape measure (22) 98.2 Protractor (8) 93.0
Ruler (20) 98.7 Protractor app (8) 88.0
US Quarter (2) 98.2 Paper (5) 93.0
Plain Paper (2) 96.9 Tape measure (5) 92.4
Printed ruler (2) 97.4 Image application (4) 94.5
Screen ruler (2) 99.0 Printed protractor (3) 95.8
Other (13) 93.2 Ruler (3) 95.8
Bulb Diameter(#) % Drawn protractor (2) 88.4
Tape measure (51) 94.8 Lever app (2) 96.1
Ruler (36) 89.8 Compass (2) 88.4
Online ruler (4) 97.6 US quarter (2) 82.6
Other (6) 87.2 Other (11) 93.2

Table 2: Measurement instruments used at least twice
(# shows total number of times and % shows average
accuracy). Not listed are measurement instruments

used only once including:Length: eraser, laptop case,
cat tape, image application, compass, screwdriver,
thumb, caliper, and garden shovel (with embossed

ruler ticks);Angle: clinometer, eraser, mug, book, screw-
driver, speed square, mini draft;Diameter: string, screw

driver, paper, wire, image application, electric tape.

a known �duciary marker such as a quarter in the image to
provide a baseline for size).

Figure 4: Digital measurement applications used by
participants:(a) a photo editor with a �duciary marker for
size reference,(b) a digital level, and(c) Adobe illustrator

tool path to calculate the angle between the two lines.

Participants made a variety of errors when using measurement
instruments. Most originated from misalignment between the
measurement instrument and the target. For example, the tick
marked in Figure 5a is not positioned in line with the actual top
of the phone. Other variations on this theme included slanted
placement of the measurement instrument, not lining up the
zero tick on the measurement device to the target correctly
(e.g.,Figure 5c), or not centering the protractor.

Even assuming correct alignment, errors can occur when read-
ing the measurement with both digital and physical measure-
ment instruments. Especially for physical measurement instru-
ments, reading the measurement requires correctly interpreting
tick marks and aligning them with the correct edge of the ob-
ject. If the observation perspective of users is not straight on,
this may cause an error. This type of error is increased when
measuring objects with higher curvatures.

Another source of error is selecting an inappropriate mea-
surement instrument. Measurement instruments chosen were
sometimes measuring the wrong type of thing (such as using a
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