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Paper or Tablet? The Impact
of Digital Tools on Sketching
During Engineering Design
Concept Generation
Sketching is an important tool for engineers during concept generation. Sketch quantity
during this early stage of design has been linked with eventual design outcomes and
sketch quality has been linked with design perceptions. As such, both are important
metrics to track. Prior work has also found gender differences in some of these sketch attri-
butes, and considering gender imbalances in the field, it is important to assess whether there
are differences in performance by gender during concept generation and if the use of digital
tools exacerbate or mitigate any of these potential differences in performance by gender.
Given the increase in use of digital tablets for sketching, it is important to assess how
tablet use affects early stage engineering design sketches. This is especially important as
tablets can automatically smooth lines and help perfect sketch features, but these features
may also take longer to use and may result in fewer sketches produced. This study investi-
gates differences in sketch quality, quantity, and understandability (the effectiveness of the
sketch as a communication tool) between sketching on a tablet and sketching with pen on
paper during an engineering design concept generation exercise. Results indicate that
there is no difference in sketch quantity or understandability between the two tools.
However, sketch quality, smoothness, and proportion/accuracy are all higher for the pen
and paper condition than for the tablet condition. Finally, no gender differences in perfor-
mance for either sketch quantity or quality were found. [DOI: 10.1115/1.4065458]

Keywords: creativity and concept generation, design methodology, design representation,
design theory, design theory and methodology, design visualization, ethics and design,
product design

1 Introduction
Sketching is a crucial part of early stage engineering design as a

way to visually represent concepts and help designers think about
their designs [1,2]. The majority (70–80%) of design life cycle
costs have been estimated to be determined by decisions made in
preliminary stages of design [3]. As such, changes to the early
stages of the design process can impact the overall design perfor-
mance and cost.
Another important aspect of sketching to investigate includes

potential differences in perceived sketch performance between dif-
ferent groups of designers. Prior works have found that there may
be gender differences in sketching performance in terms of sketch
quantity and quality [4,5], which also has important implications
for gender equity in design. Similarly, prior work has found that
certain interventions during the design process can trigger
“gender faultlines” and result in a negative impact on the number

and creativity of ideas generated during concept generation [6]. It
is imperative to understand whether the use of digital tools could
potentially serve as a trigger for these faultlines or otherwise influ-
ence the concept generation process in a gendered fashion.
The focus of this study is concept generation sketching, specifi-

cally for engineering design problems. At this stage of the
process, technical feasibility is not the focus—rather, it is important
for engineers and designers to focus on creativity and having a large
quantity of divergent ideas [7] and use sketches to communicate
details of their designs [8]. Prior works have shown that sketch
quantity (rather than quality) during concept generation is linked
with better design outcomes by the end of the process [9–13], poten-
tially due to having a wider variety of initial concepts to choose
from when selecting and combining ideas throughout the design
process. On the other hand, sketch quality is also important to
measure as higher quality sketches are often perceived as being
more creative even when representing the same design concept
[14,15], so sketch quality is especially important in team design set-
tings where others are making judgments about the creativity of a
design concept. Two key metrics, line smoothness and propor-
tion/accuracy, have consistently been identified as being part of
sketch quality [5,9,16]. As such, these are the aspects of sketch
quality studied in this context. Additional research has shown that
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sketch quality and idea quantity are independent measures [17]. As
a result, this study focuses on both the quality and quantity of
sketches produced.

1.1 Motivation. Digital design tools have become increas-
ingly common, especially as remote work has become more of
the norm in both education and industry. In particular, tablets
have become popular for notetaking and sketching in a streamlined
fashion without having to worry about carrying the right notebook,
running out of ink, or running out of pages to write on. These tools
are new enough to the design process that they have not yet been
studied in depth. We seek to build on our prior work investigating
sketch quantity and quality between different tools for sketching
[5]. The previous study was conducted where subjects were asked
to sketch with pen, pencil, and tablet for 5-min high-level brain-
storming sessions [5]. In this study, a new experiment was designed
and conducted with the focus instead on sketching for more detailed
concept generation during a longer time period specifically in the
context of engineering design problems.
The motivations for conducting this research span from financial

motivations of understanding the impacts of these new technologies
since 70–80% of design life cycle costs come from decisions made
in these early design stages [3], social motivations of determining if
there are gender differences in performance between different tools
since some changes to the design process can trigger “gender faul-
tlines” and negatively influence results of concept generation [6],
and ethical motivations of assessing how differences in access to
digital drawing technologies may impact design performance and
perception due to the increased cost and barrier to access of
digital design technologies [18,19].

1.2 Summary. An experiment was conducted involving 40
participants who generated concepts by sketching ideas for two
engineering design prompts, one on paper with a pen and one on
a tablet (iPad) using a stylus (Apple Pencil). All participants com-
pleted both prompts in order to ensure that they did both tablet
and paper sketching. Subsequently, the sketches were analyzed
for quantity, quality, and understandability (effectiveness of com-
munication) [9,16]. This work investigates the influence of the
sketching tool used on sketching outcomes during engineering
concept generation such as sketch quantity and quality. Addition-
ally, it explores whether or not there are any gender differences in
sketch quantity or quality during brainstorming for engineering
problems.
The aim of this work is threefold: first, to explore whether or not

the use of tablets influences the quality and quantity of sketches
made during brainstorming, since this may influence eventual
design outcomes. Second, to understand whether tablet use provides
designers a “boost” in perceived sketch quality, which may have
implications for equity depending on who is able to access the tech-
nology. Third, to investigate whether or not there are gender differ-
ences in any sketch characteristics for engineering design concept
generation, with particular attention to whether or not any gender
differences are exacerbated or minimized through use of tablets
for sketching.

2 Related Work
2.1 Early Stage Concept Sketching. Sketching is a key tool

during engineering design especially during the early stages of
the design process [20–24]. Sketches are used in several ways
during this stage and can be primarily categorized as “thinking
sketches” or “talking sketches” [25]. Thinking sketches help a
designer clarify their design intent and explore the design space
while talking sketches are used to communicate their concepts to
others [25]. Later stages of design can also use “prescriptive
sketches” which are used for designers to communicate designs to
others who are not involved in the design process [25]. Radcliffe

and Lee have also identified three types of sketches for the
concept development stage in engineering design and industrial
design: functional, geometric, and pictorial [26]. Functional
sketches express the functional relationship between the elements
in a concept and are often symbolic rather than to scale; these can
facilitate thinking and may be most in line with Goel’s thinking
sketches [2,26]. Geometric sketches are more focused on showing
dimensions and accurate mechanisms; these are more representative
of sketches used in later stages of design after ideation [26]. Picto-
rial sketches are drawn in perspective to demonstrate an overview of
all functional and geometric information and are well suited for
communicating designs to others, which may be more in line
with the ethos of talking sketches, though they are also more
suited for later stages of design after a concept is refined to the
level of understanding what a full assembly would look like [26].
This work is focused on the earliest stages of design when designers
are exploring a broad design space in an expansive way. As such,
the sketches explored in this work are primarily thinking sketches,
talking sketches, and pictorial sketches [25,26].
Prior work in interior design has identified three main sketching

“profiles” from this stage as well: the realization sketching profile
which places emphasis on an applicable solution, the learning
sketching profile which emphasizes the given problem, and the
designer/reflective sketching profile which is focused on the per-
sonal design process [27]. This also brings “written sketching”
into the conversation around sketching during early stages, which
can include word maps and annotations [27]. The realization sketch-
ing profile and the learning sketching profile are most aligned with
the thinking and talking sketches most representative of this stage of
the engineering design process and are in line with the types of
sketches explored in this study.
There have been several efforts made to assess sketch quality

during this stage using metrics such as line smoothness, perspective,
proportion, accuracy, speed of strokes, and line start/stop locations
[14,28,29]. Two sketch quality metrics, line smoothness and pro-
portion/accuracy, have consistently appeared across many of
these works and as a result have been used in prior works to
create a measure of overall sketch quality [5,9,16]. An additional
metric of sketch assessment called “understandability” has been
developed in recent works to assess the effectiveness of sketches
as a communication tool, which is a common use of sketches in
engineering design [5,9,16,30]. As such, these are the three qualita-
tive characteristics of sketches that are assessed and quantified for
analysis in this study.
Additionally, producing a higher quantity of sketches during

these stages has been linked with having better design outcomes
in many prior works, though higher sketch quality does not
appear to be linked with better design outcomes [9–13,31].
However, higher quality sketches may be perceived to be more cre-
ative than lower quality sketches of the same concept [14,15]. Since
quality and quantity of sketches have both been demonstrated to
have an impact on design perception and outcome and understand-
ability of sketches is linked with a primary use case for sketching in
engineering design, it is important to assess all three elements of
sketches when evaluating new sketching tools.

2.2 Gender Differences in Sketching Performance During
Ideation. Previous studies have found some gender differences
in sketching performance in both sketch quantity [5] and sketch
quality [4]. A study in industrial design found that sketches made
by women were rated as lower quality than those made by men
[4]. This is important as sketches perceived to be as lower quality
may also be perceived to be less creative [14,15]. It has also been
shown that designers’ prior backgrounds in mechanical engineering
or industrial design manifest in different types of sketches pro-
duced, so it is important to investigate this gender difference in
sketching from an engineering design standpoint [32]. Another
prior study found that art-based sketching interventions can help
increase sketching self-efficacy for women in engineering [33].
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Prior work has also found that gender and gender diversity of teams
do not necessarily correlate with creativity of sketches produced
[34], though activating “gender faultlines” during the ideation
process by asking participants to perform a gender biased design
task (such as designing a razor for men) can negatively impact
the number of ideas produced and the creativity of ideas [6].
Prior work has also linked some sketch attributes such as line

smoothness with confidence, so gender-related effects may occur
due to differences in confidence in environments such as engineer-
ing and industrial design where women are a minority [4,35,36] as
women in some Science, Technology, Engineering, and Math
(STEM) programs have been found to have lower confidence
even when they have the same mastery of skills [37] and are
often perceived by experts as having lower confidence than men
[38]. Another study found a gender difference in sketch quantity
with women producing more sketches than men [5]. Though under-
lying causes for this difference were not identified, it points to an
important area of further investigation, which is explored in this
study.

2.3 Use of Digital Tools in Design. As the world transitions to
becoming more digital, it is natural that digital tools are developed
for aiding designers. Existing products include immersive design
tools that may help with visual thinking, but many of these come
with a high cost and impractical constraints such as requiring a
large open space that designers can walk around safely in while
tethered to a virtual reality headset [39]. Other prior work has
found that despite the availability of digital design tools, many
designers prefer to ideate with pen and paper [40]. More recently,
tablets have become a popular tool for sketching digitally, espe-
cially as they allow users to carry a single product that can have
multiple colors, allow for erasing, store files easily, and reduce
paper use [41]. Some work has explored interfaces between tablet
sketching and digital tools that can help synthesize ideas and gener-
ate novel concepts related to the ones drawn by the designer (such
as a new mug design given several mug designs), which may be
useful for design refinement stages once an initial solution space
has been identified [42]. However, studies show that some digital
design tools may inhibit designers if introduced too early. For
instance, using computer aided design (CAD) early in a design
process can result in design fixation and reduced creativity
[43,44]. Sketching on a tablet does not require as much of a learning
curve as CAD, but it can still modify elements of a sketch such as
smoothing lines and perfecting shapes, which may make designs
look more refined than they are in concept [45,46]. Since line
smoothness is an important attribute of sketch quality metrics
[9,14,28,29,35], it is possible that tablet sketches will be perceived
as being higher quality (and thus more creative [14]) than those
drawn on paper with pen. Similarly, tablets make it easy to erase
and focus on perfecting drawings and adding detail, which may
cause designers to focus on refining sketches rather than creating
a large quantity of rough sketches. As a result, designers using
tablets may produce fewer, higher quality sketches which may be
perceived as more creative ideas [14,15]. This may have implica-
tions for engineering instruction and practice, especially in terms
of assessing the equity of who has access to tablets. As such, this
study focuses on understanding these potential differences in
sketching performance between digital tablets and paper and pen.

2.4 Study Contribution. There is minimal prior work study-
ing the impact of tablet use during early stage engineering design
concept generation. Thus far, studies have explored how tablets
used with a stylus can be used to provide real-time sketching feed-
back to students [47,48]. These studies have found that digital tools
can be very useful in training novices on best practices for
sketching and can help students build skills in perspective
drawing. Additionally, they have found that completing this train-
ing on a tablet does not hinder students’ sketching skill develop-
ment even when they are tested on paper drawing skills [49].

Other studies have shown that designers using physical journals
may make a different number of sketches and annotations compared
to designers using “hybrid” journals with digital aspects, though the
trend is not necessarily consistent over time as physical journals had
more conceptual design stage sketches than hybrid journals in one
year but hybrid journal had more sketches at all stages of design in
another year [50]. Other studies have used tablets for tracing and
practicing sketching of specific objects, though this is a very differ-
ent use case from the type of sketching that typically occurs during
concept generation [51,52].
Additionally, there have been few studies assessing gender dif-

ferences in sketch quantity and quality for engineering design
concept generation. One prior study has found that women had
higher idea fluency (sketch quantity) than men for an engineering
concept generation exercise [53]. Similarly, prior work in related
fields suggests that there may be gender differences in sketching
performance for both quantity and quality that should be investi-
gated further [4,5].
The focus of this study is on quick “thinking” sketches [2,25] and

not refined sketches from later stages of the design process. The
focus is also on sketches made specifically in response to an engi-
neering design problem. Overall, the goal of this study is to under-
stand how tablet use and gender may influence the quantity, quality,
and understandability (the effectiveness of the sketch as a commu-
nication tool) of sketches made during engineering design concept
generation.

3 Research Questions
RQ1: What impact, if any, do digital sketching tools have on the

quantity of ideas sketched during brainstorming for engineering
design problems?
We hypothesize that participants using tablets will create fewer

sketches than those using pens as they may spend more time refin-
ing their sketches using the tablet features, which may lead to an
overall focus on quality over quantity of sketches when compared
to those using paper and pen.
RQ2: What differences, if any, exist in sketch quality or under-

standability between digital and paper sketches for engineering
design concept generation?
This question explores how the use of tablets influences sketch

quality and the sketch’s effectiveness as a communication tool
(understandability) [54]. We hypothesize that sketches drawn on
tablets will have higher sketch quality as a result of the tablet’s
built-in tools and features for line smoothing and sketch refinement.
RQ3: What are the gender differences, if any, in sketch quantity,

quality, and understandability in engineering design concept
generation?
This question aims to determine whether gender differences iden-

tified in prior literature [4,5] persist in engineering design concept
generation through the metrics of sketch quantity and quality.
This includes assessing whether there are differences in sketch
quantity, quality, and understandability between genders in this
context. It also investigates whether there are any gender differences
by tool in order to determine whether tablets might mitigate or exac-
erbate the gender differences found in previous works.
To investigate these three research questions, we conducted a

study of four mixed gender treatment groups who used each set
of tools (pen and paper or tablet) to sketch concepts in response
to two different design prompts. The order in which they used the
tools and the order of the prompts was switched to have an equal
number of people in each of the four treatment categories. We
then analyzed differences in sketch quantity and quality across
the different tools and gender groups.

4 Methods
4.1 Participant Recruitment. A total of 40 students from all

levels (13 undergraduate and 27 graduate) were recruited for the
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study via emails sent to the Mechanical Engineering Department at
a New England University. As a result, all participants had an affil-
iation with the Mechanical Engineering Department (38 Mechanical
Engineering majors/1 Mechanical Engineering minors/1 in a differ-
ent department but with a primary graduate research advisor in
Mechanical Engineering) and the vast majority of participants had
prior experience taking design courses. Many also had work expe-
rience in design related fields or had done personal projects related
to design. Students were not recruited from a class as the study was
not affiliated with a specific course in the department. All partici-
pants received a small “sketching kit” of four different pens in a
canvas pouch as an incentive to participate in the study. The
overall gender breakdown of the participants was 18 men and 22
women. One participant used both she/her pronouns and they/
them pronouns. Their results are grouped with the she/her group
due to the sample size.

4.2 Design Prompt Selection and Development. All partici-
pants were asked to perform an activity of sketching ideas for
two different prompts, both of which have been used previously
in design theory literature. The two prompts, the peanut sheller
[55] and milk frother [56,57] design challenges, were selected for
their relative understandability and established usage within previ-
ous design literature. The peanut sheller prompt, originating on
ThinkCycle [58], asks participants to design a way to shell
peanuts for low-resource settings. Customer needs include prevent-
ing damage to the peanuts and unavailability of electric outlets as a
power source. This design problem has been used in the previous
literature on design fixation and idea generation [55]. The milk
frother prompt was developed at Pennsylvania State University
and instructs participants to design a device to froth milk in a
short amount of time and with minimal instruction. This prompt
has been featured in studies on creativity and design novelty
[56,57]. The full final prompts for both exercises are included in
the Appendices.
The intention was to offer participants a prompt that would

inspire relatively detailed mechanisms, especially in comparison to
a preceding study which asked participants to brainstorm more theo-
retical ideas for products given only 5 min of time [5]. The peanut
sheller prompt was piloted in 1–3 person group settings to find an
ideal length of time per prompt and to garner feedback on the clarity
of the prompt. It was found that 45 min was considered too much
time, with participants running out of ideas within the first 15. Prior
literature supports the idea that having a long time to ideate can be
helpful for generating a larger quantity of ideas and more novel
ideas [59] and that later ideas are often better than early ones in the ide-
ation process [60]. As such, the overall time for the prompt was
reduced from 45 min to 20 min so that it was still higher than the
15 min period after which people were running out of ideas.
Additionally, it was found that some participants, especially

those who are allergic to peanuts, are not aware of the experience

of manually shelling a peanut, so a visual aid of a peanut was
included in the prompt to help with clarity of what a peanut
shelled and unshelled looks like. Finally, two requirements were
specified: (1) avoid damaging the peanut and (2) indicate a power
source.
Next, the milk frother prompt was added to allow for observing

how each individual’s sketching performance changed between
tools and prompts. For this prompt, two requirements were
added: (1) the frother must froth milk in a short amount of time
and (2) it must require minimal instruction to use. These two
requirements were added in order to mirror the two customer
needs provided in the peanut sheller prompt.
Participants were told explicitly to generate as many ideas as pos-

sible and given 20 min per prompt to encourage them to continue
sketching ideas even after initial ideas and brainstorming had
been exhausted. The length of each session was typically around
1 hour total (including 20 min per prompt for a total of 40 min of
ideation) due to buffer time at the beginning and end of the
session for debriefing participants on the tasks and asking them to
fill out post-task surveys.

4.3 Treatment Types. All participants filled out an online pre-
survey prior to starting the experiment and a post-task survey after
completing the design exercises. This pre-survey included demo-
graphic questions along with questions about their prior expertise
(on a scale of 0–10) with sketching using pen, pencil, and tablets.
The post-task surveys included questions about the study experi-
ence such as which tool they preferred using, which prompt they
preferred, and how good they thought their drawings were for
each category.
Participants were divided randomly into four treatment groups

(10 people per group). The order in which the participants sketched
the prompts, as well as which tool they sketched with first, was
varied based on their treatment group. After sketching for one
prompt with one tool, the participant would then perform the
other prompt with the other tool. The full experimental procedure
is shown in Fig. 1. All participants in each session (doing the exper-
iment at the same time in the same room) were in the same treatment
group. The four treatment groups are shown in Table 1. The four
groups were relatively evenly split by gender. Groups A, B, and
C all had six women and four men. Group D had four women
and six men. This gender split across groups was a result of the
random distribution.
The four combinations were designated to ensure each participant

worked with both tools and both prompts, as well as to see if there
were any noticeable learning effects due to the order in which
someone used the tools or completed the prompts.
Participants were asked in the pre-survey to share their prior

experience with pen and paper sketching, tablet sketching, and
tablet notetaking by rating their level of experience so that the
researchers could ensure a relatively even distribution of experience

Fig. 1 Diagram of study methodology showing the order of surveys and prompts
for each treatment group
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levels across the four treatment groups. Ratings were done on a
scale from 0 to 10 with 0 corresponding to having no prior experi-
ence with the medium and 10 corresponding to being very familiar
with the medium. Zero was included as an option instead of starting
the scale at 1 as it was possible that someone had never used a par-
ticular medium before (such as having never used a tablet for
sketching). All four groups had relatively similar distributions of
expertise as shown in Table 2. For all groups, the average scores
were similar for pen and paper sketching and tablet notetaking. Sim-
ilarly, for all four groups, participants had less experience, on
average, with tablet sketching than they did with tablet notetaking
and pen and paper sketching.

4.4 Experimental Setup. The experiment was conducted by
two researchers. They gave participants consent documentation
and once the consent forms were signed, the researcher read all
instructions for the experiment aloud to participants from a pre-
written script.
Tablet condition: Participants used an iPad with an Apple Pencil

and the widely used writing and drawing app “Notability.” The
majority of participants already had experience with iPads and
Notability (3 of 40 participants reported no experience sketching
with tablets and 2 of 40 participants reported no experience
taking notes on tablets). Prior experience with Notability is in
part due to the fact that loaner iPads provided from the university
to undergraduates and graduate Teaching Assistants (TAs)
include Notability as a pre-loaded application. Participants did not
receive any training using iPads prior to the experiment.
The application had been pre-loaded with the sketching template

document (as seen in Fig. 2) with over 100 pages to ensure that par-
ticipants would not run out of pages in the template during the time
allotted. The participant’s sketching process was recorded using the
device’s built-in screen recording feature. Participants were briefly
told about the features of the Notability application including
changing pencil width, erasing, changing colors, lasso tool (for
copy/paste/resizing), undo/redo, and perfecting lines.
Pen and paper condition: Participants in the pen condition used a

black Sharpie pen. Note that a Sharpie pen is different from a stan-
dard Sharpie marker. A Sharpie pen is a pen with a fine felt tip point
that results in clear dark lines that do not smudge. In piloting the
experiment, we tested pencils and a variety of pens such as ballpoint
pens and ran into issues with ink/graphite smudging or being less
visible in scans due to variable darkness. This is a particularly crit-
ical issue due to the line smoothness assessment of line quality that
is used as a component of sketch quality. The Sharpie pen avoids

these issues while maintaining a form that is the same as a standard
pen or pencil and is similar to the size and shape of the Apple pencil.
The paper used was white 8.5 in. × 11 in. letter-sized copy paper
with the sketch template printed out.
For each drawing, participants were asked to write a short caption

or idea name of less than a sentence to describe the concept in the
spot provided on the template. Participants were informed that they
could annotate the sketch if desired, but that they should try to
communicate as much as possible through the sketch itself. At
this stage, the researcher began screen recording on the tablet
during the tablet condition. Finally, they were given the relevant
concept generation prompt.
When the second round of 20 min had passed, they were asked to

finish the last few strokes and put down their writing tool. Then, the
researcher gave them the post-task survey and asked them to fill it
out. At the end, participants were again reminded not to share infor-
mation regarding the exercise with others since this was an ongoing
experiment that ran over multiple weeks.

4.5 Sketch Quality Ratings. Sketches were rated using an
adapted rubric and methodology developed and used in prior
work on assessing early stage design sketches [5,9,16]. This prior
methodology established line smoothness and sketch proportion/
accuracy as the two subcomponents of sketch quality and is based
on the metrics consistently used in the sketching literature
[5,9,14,16,28,29]. It also introduced sketch understandability as
an important metric to assess how well the sketch serves its
purpose as a communication tool. The full rubric development
methodology and justification for the metrics chosen can be
found in Das and Yang’s paper on Assessing Early Stage Design
Sketches [16].
Representative sketches were selected from the dataset to serve as

a rubric for raters. Sketches were rated using three independent
scales of 1–5 for line smoothness, sketch proportion/accuracy,
and concept understandability. For all cases, a score of 1 was the
lowest score and 5 was the highest score. The full rubric can be
seen in Fig. 3.
Instead of disregarding all text as was done in previous studies

[5,9,16], the methodology was adapted to best replicate assessment

Table 1 The four treatment groups used for the study

Group label First prompt Second prompt

A (n= 10, 6 women and 4 men) Peanut sheller on paper Milk frother on tablet
B (n= 10, 6 women and 4 men) Peanut sheller on tablet Milk frother on paper
C (n= 10, 6 women and 4 men) Milk frother on paper Peanut sheller on tablet
D (n= 10, 4 women and 6 men) Milk frother on tablet Peanut sheller on paper

Table 2 Average experience scores (scale of 0–10) for each
treatment group

Pen and paper
sketching

Tablet
sketching

Tablet
notetaking

A 5.80 3.90 5.80
B 6.40 4.90 6.40
C 5.70 3.80 6.30
D 5.40 3.90 6.00
Overall
average

5.83 4.13 6.13

Fig. 2 Sketching template document
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techniques that would be used by practitioners in real settings. In
engineering design settings, a primary goal of sketches is to com-
municate a concept, which is usually done using a combination of
images and text. As such, the annotations (captions, labels, etc.)
in images were not disregarded.
Two experts (a senior graduate student and a faculty member)

worked together in order to establish “true” ratings by discussing
each sketch as needed and completing the ratings collaboratively.
A third rater then independently rated all the images in order to
ensure that there was agreement between the two sets of ratings
(set 1: raters 1+ 2 together, set 2: rater 3 independently).
All sketches were printed out individually on cardstock, with par-

ticipant ID and sketch number removed. Raters then sorted sketches
into five bins for each of the three sketch qualities, according to the
rubric. All raters rated all sketches on smoothness first, then re-rated
the randomized set of sketches on proportion/accuracy, and finally
on understandability.
After an initial round of rating by both sets of raters, preliminary

inter-rater reliability was calculated using Krippendorff’s α (dis-
cussed in the results). If there was moderate or higher agreement
within the category (based on guidelines from Ref. [61]), no
further re-rating was done. If agreement was less than moderate,
the absolute value of difference in scores between raters (from 0
to 4) was taken for each score. Sketches with a score difference
of 2 or higher were rescored by the third rater (77 sketches in the
smoothness category, 153 sketches in the proportion/accuracy cat-
egory, and 86 sketches in the understandability category). Raters
discussed these discrepancies to ensure that each rater held
similar mental models of what the rubric meant and thus were
assessing sketches consistently, though actual rating was conducted
independently. Several areas were identified as areas of discrepancy
in the method of rating. These are described here in order to assist
with replicability of this rating method.
Overall, a score of 3 was considered to be the default or average.

The final distribution of sketches was more similar to a normal dis-
tribution rather than being evenly distributed across the scale. An
emphasis was made on using the full scale rather than a subset of
the numbers to avoid a common pitfall of not using extreme ends
of the rubric.
Smoothness focused on the overall smoothness of the majority of

lines in the sketch rather than penalizing sketches if there was a
minimal instance of feathering or an individual stroke that was
less smooth. Smoothness of lines used in annotations (handwriting,

arrows, etc.) was not considered. One important distinction made
during this scoring process was in assessing pen strokes. Since
the pen tip has a fixed width, occasionally when it was used for col-
oring or shading, the marks looked similar to feathering marks.
Sketches that included this type of shading were not penalized.
For the understandability category, annotations within the sketch

were considered when assessing understandability. The sketch
description was not used as part of the rating, and instead was
used to understand what the sketch intended to show and whether
or not the sketch matched that intention. For this category, it was
found that familiarity with objects presented seemed to influence
these ratings. This is in line with previous work indicating that
understandability is negatively correlated with concept novelty
[5]. Importantly, technical feasibility of the concept was not
assessed at this stage since these were initial concept generation
sketches. In other words, “understandability” does not necessarily
measure the ability to convey exactly how the concept will work.
Rather, it assesses whether or not it is clear what the concept is.
Once all the ratings were completed with sufficient inter-rater

reliability, the sketch ratings made by the two expert raters together
were used for the sketch’s final “true” score. Line smoothness and
proportion/accuracy scores were added together for a total score out
of 10 to represent the “overall sketch quality.”

4.6 Sketch Quantity. The number of sketches made by each
subject for each condition was counted. A small number of submis-
sions contained only text, and thus were not counted as sketches.
Additionally, pages used for diagrams or brainstorming documents
such as mind maps were not counted.

5 Results
To help contextualize the results, four examples of sketches pro-

duced during the study are provided in Fig. 4 (one from each prompt
on each tool). Each pair of images (C8a and C8b, D5a and D5b) was
made by the same participant in order to show how the same person
used each tool.

5.1 Statistical Analyses. The Wilcoxon rank sum test was
used throughout to compare unpaired nonparametric scores such
as the differences in sketching performance between genders.

Fig. 3 Rubric with representative images from the dataset showing all score levels for each of the three scoring categories
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Similarly, the same test was used to assess the difference between
sketch quality scores for each tool since the sketch quality scores
are ordinal. The Wilcoxon signed rank test was used to compare
paired nonparametric scores such as the differences between
tablet and paper performance for each individual. Bartlett’s test
for equality of variances was used to check assumptions for both
sketch quantity and sketch quality results and found that the vari-
ances were equal, so it was appropriate to proceed with the nonpara-
metric tests used here.
Spearman’s ρ was used to calculate correlations between non-

parametric measures such as the correlation between sketch
quality and prior experience using the relevant sketching tool for
each individual. All statistics were computed at the 5% significance
level (p< 0.05).

5.2 Potential Confounding Variables. In analyzing the
sketch quantity results, the first step was to check for an ordering
effect amongst the different conditions (more sketches in the first
prompt and fewer sketches in the second prompt, or vice versa).
This was checked using the Wilcoxon rank sum test for each type
of drawing (peanut sheller on paper, peanut sheller on tablet, milk
frother on tablet, and milk frother on paper) as well as overall
using the paired Wilcoxon sign rank test to determine whether par-
ticipants tended to create more sketches in their first prompt or
second prompt. No statistically significant difference was found
between the orders for each of these four types of drawings
(peanut sheller on paper Z=−1.7865, p= 0.0740; peanut sheller
on tablet Z= 0.0597, p= 0.9524; milk frother on tablet Z=
−1.4292, p= 0.1530; milk frother on paper Z= 0.4104, p=
0.0.6815). Similarly, no difference was found overall between
first prompt and second prompt (Z=−0.0760, p= 0.9395). This is
promising in terms of validating the methods of this study and

allows us to compare the influence of the sketch tool overall
without considering ordering as a confounding variable.
A statistically significant difference (p< 0.01) was found for

sketch quantity between the two prompts, with the milk frother
having one more sketch, on average, than the peanut sheller
(mean of 7.525 versus mean of 6.400, respectively). The median
and mean numbers of sketches produced for each prompt are
shown in Table 3. This points to a need to further refine the
prompts for any future studies that attempt to make comparisons
between the two prompts in order to get similar results with both.
However, within each prompt (peanut sheller or milk frother),
there was no statistically significant difference between sketch
quantity for the tablet and pen and paper conditions (p= 0.7747
for the peanut sheller prompt across tools and p= 0.8169 for the
milk frother prompt across tools). Additionally, since an equal
number of people did each prompt with each tool and all partici-
pants completed both prompts, we proceed with our overall
analysis here.

5.3 Sketch Quantity. Overall, participants produced a total of
557 sketches with 287 created on the tablet and 270 on paper. The
number of sketches produced by each participant ranged from 1 to
14 sketches on the tablet and 2 to 15 sketches on paper. The paired
Wilcoxon sign rank test was used to determine whether participants

Fig. 4 Four sketches from the dataset. Sketches C8a and C8b are both made by participant C8 and the sketches D5a and D5b
are both made by participant D5. Images C8a and D5a show milk frother sketches and D5b and C8b show peanut sheller
sketches. Sketches C8a and D5b were made on paper and sketches D5a and C8b were made on a tablet. (C8a) Milk frother
sketch with pen and paper, (D5a) milk frother sketch on tablet (D5b), peanut sheller sketch with pen and paper, and (C8b)
peanut sheller sketch on tablet.

Table 3 Median and mean number of sketches produced for
each ideation prompt

Peanut sheller Milk frother

Median 6 7
Mean 6.400 7.525
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tended to create more sketches on tablets than with pen and paper,
or vice versa. No statistically significant difference (Z= 1.5570,
p = 0.1195) was found in sketch quantity between the tablet
(average of 7.175 sketches) and pen and paper (average of 6.75
sketches) conditions.

5.4 Sketch Quality. In order to assess inter-rater reliability
between the raters’ scores, Krippendorff’s α was used since the
data are ordinal (ordered but not necessarily equal intervals
between categories) and was calculated using the open-source
tool ReCal [62,63]. Krippendorff’s α for agreement between
raters was 0.618. This α value signals substantial agreement
between the reviewers, as per Ref. [61].
Several differences in sketch quality were found between the pen

and paper condition and the tablet condition and the results are sum-
marized in Table 4. The Wilcoxon rank sum test was used to assess
the difference between sketch quality scores for each tool since the
sketch quality scores are ordinal. Sketch smoothness was statisti-
cally significantly different (p< 0.01) between the two treatments.
Pen and paper sketches had a mean smoothness score of 3.12
whereas tablet sketches had a mean smoothness score of 2.82.

The proportion/accuracy scores were also statistically signifi-
cantly different (p< 0.01) between the two treatments. Pen and
paper sketches had a mean proportion/accuracy score of 3.55
whereas tablet sketches had a mean proportion/accuracy score of
3.21.
Overall sketch quality scores were also statistically significantly

different (p< 0.01) between the two treatments. Pen and paper
sketches had a mean quality score of 6.67 whereas tablet sketches
had a mean quality score of 6.02.
Sketch understandability scores were not statistically signifi-

cantly different (p= 0.87) between the two treatments (mean
score of 3.54 for pen and paper and 3.51 for tablet). This may
imply that both types of sketching mediums are effective communi-
cation tools.

5.5 Influence of Prior Experience on Sketch Quality and
Quantity. Spearman’s ρ was used to calculate correlations
between participants’ self-reported prior experience scores and
their sketch quality scores for each sketching tool. This was
explored in case it provided an explanation for the difference in
sketch quality performance between tablet and pen sketches as out-
lined in Sec. 5.4.
Spearman’s rank correlation was computed to assess the relation-

ship between prior experience sketching with pen and paper and
sketch quality. The relationship between prior experience sketching
with pen and paper and sketch quality was not significant, r(38)=
−0.0060, p= 0.9218.
Spearman’s rank correlation was computed to assess the relation-

ship between prior experience sketching with tablets and sketch
quality. The relationship between prior experience sketching with
tablets and sketch quality was not significant, r(38)= 0.0360, p=
0.5433.
As such, prior experience with the tool does not explain the

overall difference in sketch quality found between tablet and pen.

Table 4 Summary of mean scores and p-values for
smoothness, proportion/accuracy, overall sketch quality, and
understandability

Pen and paper Tablet p-Value

Smoothness 3.12 2.82 p< 0.01
Proportion/accuracy 3.55 3.21 p< 0.01
Overall sketch quality 6.67 6.02 p< 0.01
Understandability 3.54 3.51 0.87

Fig. 5 Diagram representing the three analyses explored to determine whether there were any differences in sketch performance
between genders, between genders by tool, or by tool within each gender. (a) Men and women produce the same quality, quantity,
and understandability of sketches overall. (b) Men and women produce the same quantity, quality, and understandability of
sketches on a tablet. Men and women produce the same quantity, quality, and understandability of sketches on paper. (c) Men
produce the same quantity and understandability of sketches on tablet and paper. Men produce higher quality sketches on
paper than on tablets. Women produce the same quantity and understandability of sketches on tablet and paper. Women
produce higher quality sketches on paper than on tablets.
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We also investigated if prior experience with sketching tools had
an impact on the quantity of sketches produced with each tool. This
was of interest as there may have been a learning curve for people
using a new tool such that they would spend more time adapting to
the tool which may manifest in producing fewer sketches.
Spearman’s rank correlation was computed to assess the relation-

ship between prior experience sketching with pen and paper and
sketch quantity. The relationship between prior experience sketch-
ing with pen and paper and sketch quantity was not significant,
r(38)= 0.3034, p= 0.0570.
Spearman’s rank correlation was computed to assess the relation-

ship between prior experience sketching with tablets and sketch
quantity. The relationship between prior experience sketching
with tablets and sketch quantity was not significant, r(38)=
0.0777, p= 0.6336.
These results indicate that participants’ prior experience with a

sketching tool was not correlated with the quantity of sketches
they produced.

5.6 Sketch Attributes by Gender. The Wilcoxon rank sum
test was used to assess the difference between sketch attributes by
gender of the overall population (not by treatment group).
This section examines three main questions regarding sketch per-

formance by gender, each explored in a subsection below. Figure 5
shows a diagram representing the three sets of analyses conducted
to explore the influence of gender on sketch performance by tool
as well as the high-level overview of what effect was found.

5.6.1 Are There Overall Differences in Sketch Performance
Between Genders?. There was no statistically significant difference
in total sketch quantity between genders (p= 0.47). Men had an
average of 12.7 sketches and women had an average of 14.9
sketches. Both had a median of 13 sketches. There was also no sta-
tistically significant difference in any sketch quality metric between
genders. For line smoothness, women had an average score of 2.94
and men had an average of 3 (p= 0.5277). For proportion/accuracy,
women had an average score of 3.37 and men had an average of
3.38 (p= 0.8928). For understandability, women had an average
score of 3.54 and men had an average of 3.52 (p= 0.4553). For
overall quality (smoothness+ proportion/accuracy), women had
an average score of 6.31 and men had an average of 6.38 (p=
0.8082). The full results are presented in Table 5 for clarity.

5.6.2 Are There Differences in Sketch Performance Between
Genders by Tool?. There were no gender differences found in
sketch performance between genders by tool, with results summa-
rized in Table 6. There was no difference in sketch quantity
between men (mean 6.06 sketches, median 6.5 sketches) and
women (mean 7.32 sketches, median 7.5 sketches) using paper
and pen (p= 0.2613) or men (mean 6.67 sketches, median 6.5
sketches) and women (mean 7.56 sketches, median 6.5 sketches)
using a tablet (p= 0.7015). Similarly, there was no difference in
sketch quality between men and women using paper and pen (p=
0.3526) or men and women using a tablet (p= 0.2487). Finally,
there was no difference in understandability between men
(average score 3.59) and women (average score 3.51) using paper
and pen (p= 0.7262) or men (average score 3.45) and women
(average score 3.57) using a tablet (p= 0.1830).

5.6.3 Are There Differences by Tool Within Each Gender?.
The differences in sketch quality between tools observed at the pop-
ulation level persisted when the results were broken out by gender,
as shown in Tables 7–9. There was no difference in sketch quantity
scores for men using pen and paper versus men using tablets (p=
0.5968) or women using pen and paper versus women using
tablets (p= 0.8966). This lack of difference in sketch quantity pro-
duced between tools is consistent with the result found at the overall
population level. Overall sketch quality was higher for pen and
paper than for tablets for both genders. For women, average
sketch quality was 6.71 on paper and 5.92 on tablet with p< 0.01.
For men, average sketch quality was 6.61 on paper and 6.16 on
tablet with a p< 0.01. This difference in sketch quality between
tools is consistent with the result found at the overall population
level. There was also no difference in understandability scores for
men using pen and paper versus men using tablets (p= 0.2756) or
women using pen and paper versus women using tablets (p=
0.5217). This lack of difference in sketch understandability
between tools is consistent with the result found at the overall pop-
ulation level.
In sum, there was no finding indicating a gender difference in

performance overall or specific to a tool.

6 Discussion
Several of the results reported here were unexpected. Namely, the

metrics that matter most for the design process and design out-
comes, quantity of ideas and effectiveness of sketches for commu-
nication (understandability), are consistent between the two tools
explored here. However, sketch quality overall is better with pen
and paper than with the tablet. Further examining the subcompo-
nents of the sketch quality score, both sketch smoothness and pro-
portion/accuracy scores are higher on pen and paper than on the
tablet. This is particularly interesting since the tablet software is
designed to auto smooth lines and many participants additionally
used the tablet’s line straightening features. Similarly, it might be
expected that proportion/accuracy scores would be higher on
tablets since tablets can create “perfect” circles and rectangles. As
such, it was expected that the tablet would afford users an advantage
for both line smoothness and proportion/accuracy though this con-
tradicts the result. Additionally, it is of note that these results are
different from those in prior work that found no difference in
sketch quality between pen and tablet for a shorter prompt that
was less focused on engineering design [5]. Though we see this dif-
ference, it is unclear from this study why this difference exists.
Turning to qualitative methods to better understand the experience
of sketching with each tool could help elucidate the underlying
reasons for these results. For instance, if the “feel” of the tablet is
worse than that of paper, it may be more difficult to use effectively.
Alternatively, it is possible that participants generally focused less
on using some of these refining features during the study since
they were completing a task within a specified time limit. A more
open ended time frame may simulate the real-world ideation
context better and show more nuanced results. The fact that pen
and paper is producing the higher quality result is heartening as it
does not point to digital tools artificially inflating sketching skill,
which would pose concerns for equity and access to these more
expensive tools. Instead, this points to the idea that the “default”

Table 5 Sketch metrics by gender (W is women, M is men)

Gender

Quantity Smoothness Proportion/accuracy Understandability Overall quality

W M W M W M W M W M

Mean 14.90 12.70 2.94 3.00 3.37 3.38 3.54 3.52 6.31 6.38
Median 13 13 3 3 3 3 4 4 6 6
p-Value 0.4700 0.5277 0.8928 0.4553 0.8082
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of pen and paper is not only acceptable but is resulting in higher
quality output. As new digital tools are developed and marketed,
there can be a desire to immediately incorporate them into the
design flow, but these results indicate that the tools we are
already using may actually be more effective, at least at this stage.
These findings are also exciting in terms of implications for tool

accessibility for students from various socioeconomic statuses as
they imply that students with access to digital tools are not necessar-
ily producing better results in terms of sketch quantity, quality, and
understandability. These findings may be of interest to design and
engineering educators in terms of how they train novices to
sketch for engineering design contexts. As some institutions
move away from teaching skills in sketching and drafting on
paper in favor of digital design skills, these results may suggest
that sketching with pen and paper is still a better first step for
skill building for novices. Due to the difference in sketch quality
on paper and pen and tablet, educators working with team-based
courses may want to ensure that students in teams are using the
same medium for sketching so that sketches when compared to
one another are not experiencing a difference in perceived creativity
due to differences in sketch quality between the two tools [14,15].
In this work, no gender differences in sketch quantity or quality

between different genders were found, which is promising for the
field of engineering design. Related fields, such as industrial
design, have found that women performed worse on sketching
activities than men [4]. It is heartening to see that this earlier
finding is not mirrored in this study in the engineering design
space, despite similar discrepancies in representation in the field
(19% of industrial designers are women [4] and 13% of mechanical
engineers are women [64]). In particular, it is important to note that
the findings indicate that the two genders studied here performed
equally well when compared to one another. There was no
finding indicating that one gender performed better on one tool
than the other gender (e.g., women creating better tablet drawings
and men creating better paper drawings). This is a very promising
result as it indicates that there are no immediate serious concerns
in terms of gender equity when using tablets for sketching if all
else is equal in terms of access to the tools. However, this study

T
ab

le
6

G
en

d
er

d
iff
er
en

ce
s
in

sk
et
ch

at
tr
ib
u
te
s
b
y
to
o
l(
W

is
w
o
m
en

,M
is

m
en

)

S
ke
tc
h
qu
an
tit
y
on

pa
pe
r

S
ke
tc
h
qu
an
tit
y
on

ta
bl
et

S
ke
tc
h
qu
al
ity

on
pa
pe
r

S
ke
tc
h
qu
al
ity

on
ta
bl
et

S
ke
tc
h

un
de
rs
ta
nd
ab
ili
ty

on
pa
pe
r

S
ke
tc
h

un
de
rs
ta
nd
ab
ili
ty

on
ta
bl
et

W
M

W
M

W
M

W
M

W
M

W
M

M
ea
n

7.
32

6.
06

7.
56

6.
67

6.
71

6.
61

5.
92

6.
16

3.
51

3.
59

3.
57

3.
45

M
ed
ia
n

7.
5

6.
5

6.
5

6.
5

7
6

6
6

4
4

4
4

p-
V
al
ue

0.
26
13

0.
70
15

0.
35
26

0.
24
87

0.
72
62

0.
18
30

Table 7 Sketch quantity differences split out by gender

Pen and paper Tablet p-Value

Women 7.32 7.59 0.8966
Men 6.06 6.66 0.5968

Note: Sketch quantity was not different between the tools for either gender,
mirroring the overall results.

Table 8 Sketch quality differences split out by gender

Pen and paper Tablet p-Value

Women 6.71 5.82 p< 0.01
Men 6.61 6.16 p< 0.01

Note: Sketch quality was higher for pen and paper than for tablet for both
genders, mirroring the overall results.

Table 9 Sketch understandability difference split out by gender

Pen and paper Tablet p-Value

Women 3.51 3.57 p= 0.5217
Men 3.59 3.45 p= 0.2756

Note: Sketch understandability was not different between the tools for either
gender, mirroring the overall results.
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only explores a few limited areas within the sketching experience,
namely, quality, quantity, and understandability. It is possible that
there are other elements of digital sketching, including qualitative
experiences, that have more complex relationships with gender,
and this should be explored further.

7 Limitations and Future Work
One main area of future work for this study is that there were

some differences in sketch quantity scores between the two
prompts. Further refinement of the prompts would help in ensuring
that the two prompts are equivalent and could be used indepen-
dently to produce similar results. Qualitative analysis of the post-
task surveys may help clarify why this difference was present.
Perhaps participants found the milk frother prompt to be easier to
generate ideas for since they are more likely to have used an existing
milk frother than an existing peanut sheller.
Additionally, no qualitative analysis of the sketching experience

was done for this study. A common comment regarding tablet
sketching is that the feel of the tablet and the type of tablet
matters, especially if people have experience with a tablet other
than the tablet. A qualitative analysis of the post-task surveys
may help understand how the experience differed between the
two sketching tools beyond the quantitative metrics investigated
here and could help clarify the cause of the surprising quantitative
differences in sketch quality found here. These preferences could
vary between different disciplines as well, so future work could
explore similar studies with other fields such as Architecture and
Industrial Design. This was also a controlled study in a lab
setting. It would be useful to study these tools in real contexts in
order to determine if there are differences in how designers use
each tool in practice.
It is important to acknowledge that these results may change as

designers’ levels of training or experience with each tool change,
though level of prior experience was not correlated with sketch
quality or quantity in this study. Perhaps initial tablet sketches are
not as high in quality but with some training, designers can make
better drawings on tablets than they can on paper. Similarly, these
results must be contextualized within this specific phase of the
design process. It is possible that differences between paper sketch-
ing and tablet sketching would be more pronounced at other stages
of the process such as concept refinement. Additionally, there may
be operational differences in terms of how both types of sketches
can be used in team settings. The features of the tablet may
provide benefits in terms of the types of drawings that can be pro-
duced but could result in more steps needed for use. For instance,
tablet sketches may need to be printed in order to effectively
show a variety of designs to a team at once and be able to
compare them during a pinup session.
It is also possible that other stages of the design process would

have different results. For instance, tablets may allow designers to
quickly make more refined sketches during concept refinement
phases. At this stage, it is possible that refined tablet sketches
could be faster and more polished than sketches done by hand.
The ability of tablets to make quick copies of and edits to sketches
may also make it a more useful tool in team contexts where con-
cepts are being iterated on rapidly by a group.
A potential confounding factor in this study with respect to

gender is that the Mechanical Engineering Department at the insti-
tution studied here has a relatively higher proportion of women than
the national average. At the undergraduate level, around 50% of stu-
dents are women. At the graduate level, around 30% of the students
are women. These are both much higher than the national average of
13% of mechanical engineers being women [64]. As a result, this
university context may be an environment that is particularly wel-
coming to women and facilitates a space for women to thrive.
This may contribute to the result of seeing no significant difference
in sketch quantity and quality in engineering concept generation
between students of different genders. Future work should

explore similar studies at other institutions (both in academia and
industry) that have different balances of genders present to see if
the gender results found here change. If these results of no differ-
ence in performance by gender are truly based on the local
context and gender ratio, this finding may be a data-driven way to
demonstrate the value of having a more gender balanced department
and warrants further study.
Future work regarding other aspects of this sketch study is in

progress. These areas of future work include assessing qualitative
differences in the sketching experience between the two tools
based on responses to the post-task questions. Additionally,
assessments of sketch novelty and concept evolution are being
conducted to determine if there are differences between the two
tools. Other work could include studying the role of digital and
physical sketches in team settings in order to assess the sketches’
effectiveness as communication tools (understandability) in their
intended context.

8 Conclusions
Overall, this study finds that all else equal, tablets may be rela-

tively acceptable alternatives to pen and paper sketching for early
stage engineering design concept generation, but that there are
some differences in sketch quality attributes between the two
mediums that are important to keep in mind. Since there are no dif-
ferences in the metrics that are most relevant for engineering design:
sketch quantity (which correlates with long-term design outcomes)
or the effectiveness of sketches as communication tools (under-
standability), which is often the main purpose of early stage engi-
neering design sketches, tablet use may not pose a major risk in
terms of influencing design outcome or team communication.
However, the differences in sketch quality results between the
two mediums with paper and pen sketches being higher quality
than those made on the tablet should be kept in mind by designers
considering using tablets for concept generation given the implica-
tions for perceived creativity of lower quality sketches. More
detailed summaries of conclusions in response to each research
question are presented below.
RQ1: What impact, if any, do digital sketching tools have on the

quantity of ideas sketched during brainstorming for engineering
design problems?
In this study, there was no statistically significant difference in

sketch quantity between digital sketches and pen and paper
sketches. This is different from expected results, as the expectation
was that participants would spend more time refining sketches using
the tablet’s features, resulting in fewer overall sketches.
RQ2: What differences, if any, exist in sketch quality or under-

standability between digital and paper sketches for engineering
design concept generation?
In this study, sketch quality was found to be higher on pen and

paper than on tablets. Specifically, both smoothness and propor-
tion/accuracy scores are higher for sketches made with pen than
sketches made on tablets. However, there was no statistically signif-
icant difference in understandability scores between sketches made
on tablets and sketches made with pen. This is also different from
what may have been expected. Due to the tablet’s built-in features
for smoothing lines and refining sketches, it was expected that
tablet sketches would be higher in quality than pen and paper
sketches. The reason for this difference is not obvious and further
qualitative analyses could help elucidate why this difference was
observed.
RQ3: What are the gender differences, if any, in sketch quantity,

quality, and understandability in engineering design concept
generation?
In this study, there were no differences found in sketch quantity,

quality, and understandability between students of different genders
for engineering design concept generation. Furthermore, there were
no gender differences by tool found. Additionally, the results within
each gender matched the results from the overall population with
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both women and men having higher quality sketches on paper than
on the tablet but no difference in sketch quantity or understandabil-
ity between tools. These results are exciting because they point to
differences in results for engineering design and industrial design.
Prior work in industrial design found that women performed
worse in sketching activities, but this is not the case in our engineer-
ing design context [4]. This is an especially notable finding because
similar gender imbalances exist in engineering and industrial design
[4,64] and because of the nuances of gender in STEM programs
such as engineering where women have historically been outnum-
bered and had lower confidence even in situations where they
have the same skill level [37]. The overall findings with respect
to differences in the tools were mirrored when split by gender,
which further reinforces the result that there were no differences
in performance between the two genders investigated in this
study. This is reassuring as it indicates that the introduction of
tablets into design is not immediately posing an issue in terms of
gender equity (as it would if one gender had superior performance
on tablets and another performed better on paper).
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Appendix A: Design Problem—Device to Froth Milk
Problem Description. Frothed milk is a pourable, virtually

liquid foam that tastes rich and sweet. It is an ingredient in many
coffee beverages, especially espresso-based coffee drinks (Lattes,
Cappuccinos, and Mochas). Frothed milk is made by incorporating
very small air bubbles throughout the entire body of the milk
through some form of vigorous motion. As such, devices that
froth milk can also be used in a number of other applications,
such as for whipping cream, blending drinks, emulsifying salad
dressing, and many others.
The goal of this project is to design and build a new innovative

product that froths milk in a short amount of time.
Customer needs:

• Froths milk in a short amount of time
• Minimal instruction needed to use

Please see the reference image below for an example of frothed
milk being poured into coffee.
You will have 20 min to brainstorm and sketch as many ideas as

possible. The goal of this design task is not to produce a final solu-
tion to the design problem but to brainstorm ideas that could lead to
a new solution. As such, focus on generating as many ideas as pos-
sible—do not focus on the feasibility of your ideas at this stage.
In your drawings, include enough detail such that someone could

understand the main functions of your system. To clearly commu-
nicate your concepts, make your drawings large and easy to read
with one idea per sheet using the template. Number your ideas in
the designated location on the template. You can use as many
sheets of paper as you like.
For each drawing, please also write a short caption or idea name

of less than a sentence to describe the concept. You may annotate
your sketches to help clarify the components of your designs.

Appendix B: Design Problem—Device to Shell Peanuts
Problem Description. In places like Haiti and certain West

African countries, peanuts are a significant crop. Most peanut
farmers shell their peanuts by hand, an inefficient and labor-
intensive process. The goal of this project is to design and build a
low-cost, easy to manufacture peanut shelling machine that will
increase the productivity of the African peanut farmers.
Customer needs

• Remove the shell with minimal damage to the peanuts.
• Electrical outlets are not available as a power source.
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Please see the reference image below for examples of a peanut in
and out of its shell.
You will have 20 min to brainstorm and sketch as many ideas as

possible for a peanut shelling machine. The goal of this design task
is not to produce a final solution to the design problem but to brain-
storm ideas that could lead to a new solution. As such, focus on gen-
erating as many ideas as possible—do not focus on the feasibility of
your ideas at this stage.
In your drawings, include enough detail such that someone could

understand the main functions of your system. To clearly commu-
nicate your concepts, make your drawings large and easy to read
with one idea per sheet using the template. Number your ideas in
the designated location on the template. You can use as many
sheets of paper as you like.
For each drawing, please also write a short caption or idea name

of less than a sentence to describe the concept. You may annotate
your sketches to help clarify the components of your designs.
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