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Fig. 1. In this work, we explore how the Fine Motor Control (FMC) assessed by the Nine Hole Peg Test (NHPT)

(A) can be linked to metrics during drawing on a digital surface with a stylus (B) and touch (C).

User interaction with digital systems requires Fine Motor Control (FMC), especially if the interfaces are
complex or require high fidelity and fine-grained interactions. Despite its importance, Fine Motor Control is
often overlooked in interactive system design, partly because of its complex assessment. Measuring changes
in fine motor abilities due to prolonged use or fatigue currently requires repeated manual testing. This paper
analyzes the concept of using the digital mobile devices’ input behavior to assess the user’s Fine Motor Control.
For this, we show that Fine Motor Control can be assessed for touch and stylus-based interaction with a
digital mobile system. We conducted a user study, where participants performed a Nine Hole Peg Test and a
predefined Copy Drawing Test before and after exercises that affect fine motor skills. Based on this data, we
investigated how metrics such as pressure, velocity, and entropy for touch and stylus input can be used to
predict Fine Motor Control.

CCS Concepts: •Human-centered computing→ HCI theory, concepts and models;Human computer
interaction (HCI).
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1 Introduction

From tying shoelaces to using a smartphone, many everyday activities require precise �nger
movements, commonly known as Fine Motor Control (FMC). FMCtherefore refers to the ability to
coordinate muscles, bones, and nerves to perform precise, small-scale movements1. Fine-grained
control over the limbs, particularly the hands and �ngers, also signi�cantly a�ects how e�ectively
and accurately users interact with interactive systems. Almost all input mechanisms require a
certain degree of �nger and hand dexterity [57]. Whether using a desktop setup, where users rely
on precise mouse and keyboard actions [96], a smartphone touchscreen [9, 63, 107] that demands
accurate �nger movements for tasks such as typing on small virtual keys, or Extended Reality (XR)
environments, which require precise three-dimensional input and manipulation of holograms [86],
FMCis essential to error-free and e�cient interaction. When designing user input for digital mobile
systems, designers often assume a �xed level ofFMCby users. However, �ne motor skills are
signi�cantly in�uenced by external factors such as diseases [15, 17, 20, 26, 26, 38, 46, 59, 75, 76, 108],
physical exercise, or nutrition [31,100], and variation between individuals. Consequently, depending
on a user's general or situational �ne motor abilities, the same interface might be seen as less
e�ective.

This variability ofFMChas signi�cant implications: the design of interfaces may not be optimized
for �ne motor skills because their quanti�cation has received limited attention in HCI and the
outcomes of HCI experiments could be a�ected because �ne motor skills are rarely measured,
unlike other factors such as task load [37] or user experience [52]. While researchers often collect
quantitative metrics such as error rates or task completion times, these measures are in�uenced by
many factors, such as learning e�ects, fatigue, boredom, or distractions, and do not speci�cally
isolate �ne motor ability. As a result, changes inFMCover the course of an experiment may go
unnoticed, misattributed or accounted to random noise. Our method enables the explicit observation
of FMCand its �uctuations, o�ering a more targeted understanding of user input behavior and
capabilities. It can also serve as a baseline measure in studies requiring precise input, helping to
contextualize performance di�erences. For example, users with highFMCmay complete complex
and high-�delity tasks more quickly and with less e�ort, while users with reducedFMCmay struggle
despite otherwise comparable cognitive or experiential factors. Recognizing and accounting for this
variability is crucial for designing adaptive systems that respond e�ectively to individual motor
capabilities. Given its relevant role in user input, interactive systems must accommodate their
users' movement limits and capabilities, ideally adapting to the unique abilities of the individual
in real time [57]. Achieving this level of dynamic adaptation requires the real-time recognition of
FMC. To integrateFMC-aware adaptations, we �rst need to investigate the feasibility of detecting
FMC directly on digital surfaces, such as tablets or smartphones.

Current approaches measuringFMCuse special equipment, such as the widely used Nine Hole
Peg Test (NHPT) [60]. Although theNHPTis a standard method for assessing �ne motor control, it
is also time-consuming [105] and requires specialized equipment and manual e�ort to conduct. To
address these limitations, we propose to use copy drawing tasks on a mobile device, which leverage

1https://medlineplus.gov/ency/article/002364.htm, last visit: 22-01-2025
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graphomotor skills, to predictNHPTcompletion time to gain insights in theFMC. Graphomotor
skills, such as drawing, tracing, and writing, are considered specialized �ne motor skills from
a kinesiological perspective. These tasks involve coordinating visual and motor inputs, such as
eye-hand coordination, to perform precise movements [6], rendering drawing a promising method
for testingFMC. Copying drawing tasks could therefore be a practical and accessible substitute for
traditional tests, like the NHPT.

This paper compares the establishedNHPTwith a copy drawing test for assessing �ne motor
skills on a digital surface of a mobile device. In a user study, we observe di�erent metrics, like
velocity and pressure, while drawing using the touch or stylus pen as input. Using physical exercises,
we endue a temporary change ofFMCin individuals and observe the recovery using theNHPT
and our Fine Motor Control Copy Drawing Tests. This allows us to observe the in�uence of the
di�erent levels of FMCon individuals' input behavior. Using this, we propose metrics that can be
monitored to detect changes in FMC of the user.

2 Related Work

In this section, we summarize previous research inFMC, its relation to Physical Exercise (PE) and
assessment, as well as previous handwriting and drawing analysis.

2.1 FMC in HCI

Fine Motor Control refers to the targeted coordination of small muscle movements, typically
involving hands and �ngers manipulating an object or system. It involves the complex interaction
between the nervous system and small muscle groups to perform precise tasks, such as writing,
buttoning clothes, or manipulating small objects [58]. Understanding and consideringFMCis
especially relevant in HCI as it enables humans to precisely manipulate input devices like keyboards,
mice, touchscreens, and styluses, allowing for e�ective and e�cient interaction with interactive
systems [5, 57, 98, 107].

For instance, Smith et al. [96] investigated changes in theFMCin elderly people. Their �nding
indicated that older participants showed a decline inFMC, resulting in di�culty with controlling the
mouse. Changes in theFMCresult in changes in the performance of user input in interactive systems,
highlighting the necessity to further investigateFMCin HCI for adaptation and prescreening of
user study participants. Similarly, Kong et al. [49] proposed the Ability-Based Design Mobile Toolkit.
The work showcases a toolkit for creating apps and being aware of the users' abilities. Combining
detection and observation of human capabilities, likeFMCor attention, enables the app to react to
changes. Our work supports this approach by investigating inFMCquanti�cation and detection of
changes in such.

Another part of HCI research evolved around the accessibility of digital systems like touch
screens [9, 63]. As previously mentioned, people withFMCimpairment struggle with precise and
fast input. For instance, Mott et al. [63] build a system called SmartTouch, to cope with non-regular
touch input. Their work explored how people with impairedFMCinteract with a digital surface
and propose a way to allow relatively high precision input still.

Combining these works, we summarize thatFMCplays a non-negligible role for user input.
This underlines the necessity to put more e�ort into investigating ways to detect and quantify
di�erences inFMCfor future interactive systems, especially when talking about XR environments,
which shows a correlation between FMC in the real and virtual world, and HCI user studies.

2.2 Assessments, Tests, and Changes of Fine Motor Control

Previous research has shown thatFMCcan be learned and trained, especially at a young age [6,7,43].
Previous research further showed a bene�cial in�uence of physical exercise in children on �ne
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motor control [6, 16, 77, 115], as well as in adults [45, 80, 101]. While there is considerable research
highlighting the bene�ts for cognitive performance when doing Physical Exercise [14, 39, 92, 111],
it also shows positive e�ects for motor performance [40] and motor learning [36, 41, 104]. Reasons
for the improvement ofFMCwhen doing regular Physical Exercise can be found in factors like an
increased blood �ow in the motor cortex [113], increased activity in the sensorimotor network [110],
a larger basal ganglia volume [64, 66], increased the size of the hippocampus [4, 32, 67], and greater
white matter volume [88]. All these systems are involved in forming the FMC of individuals.

To assessFMC, researchers came up with various approaches and tools. Most of them rely
on manipulating small objects by the proband's hand. Example tests are theNHPT, the Purdue
Pegboard Test (PPT), the Minnesota Manual Dexterity Test (MMDT) [94], or a pinch-test designed
by Pradhan et al. [74]. Both tests rely on participants grabbing small objects and placing or stacking
them in prede�ned places, like holes or pins. This work will use theNHPTby Mathiowetz et al. [60].
A standardized, quick, and widely used assessment tool to measure individuals' �nger dexterity
and �ne motor skills. This task provides valuable data on hand function, coordination, and �ne
motor control. It is commonly used in clinical settings to evaluate patients with conditions such as
stroke [15, 38], Alzheimer's [17, 26], Parkinson [20, 26, 75, 76], or Multiple Sclerosis [46]. TheNHPT
was also adopted in a Virtual Reality environment using a portable haptic device [21], enabling the
collection of additional analysis metrics while conducting the test.

While these tests were proven to test theFMC, they require special hardware and manual
assessment and can be,with completion times over a minute not including the setup time, very
time-consuming to conduct [105]. With our work, we explore how interactive systems can assess
and rank the users' FMC using data from the user input.

2.3 Handwriting and Drawing Analysis

Using Computers to analyze and extract information and properties about the writer using hand-
writing or drawing has been extensively researched in the past and is still relevant in today's
context. The research not only explored methods to detect what the user has written using Optical
Character Recognition (OCR) [22, 65, 102] and Handwritten Text Recognition (HTR) [3, 68], but
also looked into techniques to reveal the writer's personality, psychological state, or behavior
through graphology [70, 84], writer identi�cation [23], and even detecting diseases.

Diseases and Disorders As an example, researchers found an in�uence of Alzheimer's disease
on handwriting [10, 30]. They could detect the early stages of Alzheimer's using simple drawing
and writing tasks. Recently, research also found a strong correlation between Attention De�cit
Hyperactivity Disorder (ADHD) and the individual's handwriting [13, 51, 79]. Shin et al. present a
way to detect Attention De�cit Hyperactivity Disorder (ADHD) in children using simple scribble
and drawing tasks, designed to be accessible even to participants unable to write conventional
words [61, 91].

Fatigue and Exertion Previous research not only investigated understanding the biomechanics
of writing and the associated fatigue, pain, and exertion during writing [8, 50] but also used hand-
writing as a tool to observe exertion [28, 83, 87]. Garnacho-Castaño et al. observed the correlation
of handwriting and drawing and fatigue responses of the body after physical activities [28]. They
observed that the handwriting analysis showed noticeable di�erences in handwriting performance
even after the muscles recovered from physical exertion, as indicated by lactate concentration.
This work shows that drawing tasks can be used to investigate fatigue and exertion. Recently,
Sesa-Nogueras et al. further investigated the connection between handwriting and fatigue [87].
Their work examines how physical fatigue a�ects the performance of signature and text-based
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biometric recognition methods. In the study, they found that fatigue negatively impacts signature-
based recognition. However, it has little e�ect on text-based recognition if long sequences are used.
While these studies provide valuable insights into fatigue-detection, our work focuses on a dif-
ferent but related construct ofFMC. Unlike fatigue, which refers to the strain experienced from
prolonged use, for example,FMCconcerns the precision and coordination of small movements,
such as accurately manipulating or moving. Although fatigue can in�uenceFMC, the two are
conceptually distinct and require independent investigation. By studyingFMCin the context of
smartphone-based tasks, we contribute new understanding of how to detect and quantifyFMC
on smartphones, which has direct implications for the design of accessible and adaptive mobile
interfaces.

Fine Motor Control Cohen et al. [11, 12] explored using copy and tracing tasks to assess the
development of Fine Motor Control in elementary school children. In a user study, children were
tasked to copy and trace a circle using a graphic tablet. Their work shows the applicability of
both tasks to evaluateFMCin a rapid, economical, and non-invasive way, aligning with previous
work [29, 97, 103, 112]. While previous research has shown the value of drawing- and graphic
tablet tasks, our method enables a more intuitive and natural interaction by allowing, for instance,
free hand and arm placement [29] and does not require specialized hardware [97, 112] compared
to previous work, making it well-suited for use in everyday environments. The advancements in
technology allow us to use stock hardware compared to previous work having to use specialized
tools and hardware to assess stylus data, like pen-tip pressure, required for the analysis [97, 112].
Especially circular patterns, like spirals, circles, or loops, were used to testFMC[53, 78]. These
patterns test the individual through simple and repetitive movements [58]. They do not impose other
strains on the subject, like a heavy cognitive load, because the drawings are simple, straightforward,
and easy to memorize at a glance. However, they require good motor control in order to ful�ll
them[28].

2.4 Summary

Handwriting and drawing tasks have proven to be valuable tools for assessing various aspects like
psychological states, health conditions, andFMC. These tasks are e�ective in testingFMC, as they
require precise and controlled movements. This renders them a good candidate for evaluating �ne
motor skills. Simple patterns like spirals, circles, or loops demand minimal cognitive e�ort while
still challenging motor abilities. Simple circular drawings make testing forFMCaccessible and
straightforward. To provoke changes in theFMC, we opted for Physical Exercise.PEs are e�ective
in inducing both short- and long-term changes inFMC. This allows us to induce di�erent states of
FMCcapabilities in individuals in our study. This approach allowed us to observe how variations in
FMCa�ect participants' ways of drawing andNHPTcompletion time. Ultimately, we can observe
changes in the subject's input behavior and interaction with a digital system.

3 Methodology

Based on the analysis approaches of handwriting and drawing in previous work, we formed the
following hypothesis:

H: Drawing metrics can be used to predict Fine Motor Control assessed by theNHPTcompletion
time

To check our hypothesis, we conducted a data gathering study to obtain data pairs ofNHPT
completion time and time series data of drawings. In addition to testing our hypothesis, we seek
insight into which features contribute to the prediction. For this part of the experiment, We
formulate the following research questions:
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RQ1 What features or feature combinations that can be extracted from drawing with a pen on
a digital surface best explain the FMC?

RQ2 What features or feature combinations that can be extracted from drawing with the �nger
on a touch surface best explain the FMC?

RQ3 How do the best stylus and �nger models compare in terms of their accuracy in prediction?

3.1 Study Design and Task

We conducted a within-subjects data gathering study, where participants had to complete the
NHPTand our copy drawing test, including drawing two shapes using touch and a stylus as input.
Participants conducted the tests before and after physical activity, inducing a change in theFMC.
Participants were asked to redo the two consecutive back-to-back tasks in swapped order for a
total of four times with a 1-minute rest in between each set of test sequences. The 1-minute break
was chosen based on related work [28] and facilitated time for the central nervous system and
FMCto recover from the physical exercise exposure. The order of the copy drawing tests were
randomized for all trials, shu�ing input type (stylus or pen), and drawing (Archimedes Spiral
or Loops). We opted for a counterbalanced approach for theNHPTand the copy drawing test to
avoid carry-over e�ects, like testing fatigue, between the two tests. Switching the order grants no
advantage for one test to be always carried out �rst.

Nine Hole Peg Test.TheNHPTis an assessment tool to measure �ne motor skills in individuals. We
3D printed aNHPTwith the measures established by Mathiowetz et al. [60]. The board consists
of nine evenly spread holes with 3.2cm center distance apart, 0.71cm diameter, and 1.3cm depth.
The pegs have a diameter of 0.64cm and a length of 3.2cm. A peg tray was �tted on one side of
the board to hold all nine pegs, see Figure 3. For further details on how to conduct theNHPTtest,
please see subsection 3.5.

Copy Drawing Test.We designed two copy drawing tests based on related work [25,28,117]. The user
is tasked to copy a prede�ned shape using the touch screen and a stylus [23, 91]. Participants were
asked to copy the displayed task template. We did not enforce a certain drawing style, as changes
in speed and accuracy could be indicative for changes in theFMC. Therefore, participants were
tasked to copy the template in a style they deemed necessary. Both tests required the performance
of �ve repetitive movements. TheLoopshave �ve loops with leading and trailing ends, while the
Archimedes Spiral has �ve circles with a trailing end, balancing the trade-o� between required
drawing space and repetition count. This information was communicated in the familiarization set.
While the shapes seem simple, they involve repetitive patterns requiring accurate hand movement
to draw them perfectly. We opted for theArchimedes Spiral andLoops, see Figure 2, to test our
participant'sFMC[28, 55]. TheArchimedes Spiral task speci�cally challenges �ne motor skills by
requiring the participant to gradually increase the size of the circular movement to produce spirals
without overlapping previously drawn lines. On the contrary, theLoopsdrawing task demands
consistent rhythm and pattern throughout the drawing process. We further included a stylus in
addition to touch input to reassemble a tool-based input and to gain insights about the user's
exerted pressure on the digital surface.

3.2 Predictors

While related work proposes many metrics suitable for drawing- and writing tasks [28], we excluded
metrics unsuitable for our study or not replicable. For instance, prior work proposes to measure
the time in air. However, this metric is only suitable for �gures and drawings that cannot be
drawn using one continuous stroke, like our tasks, see Figure 2. For the analysis, we calculated
key metrics for each time series data likemaximum, standard deviation, andentropy, based on
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Fig. 2. The two drawing tasks from le� to right: The twoFine Motor Control Tasks Loops, Archimedes
Spiral.

related work [28]. Entropy is often used in signal processing [89] and is a measure of the signal's
uncertainty, randomness, or complexity. It is de�ned as follows:

� ¹- º = �
=Õ

8=1

?8 log2 ?8

where= = number of bins,

?8 =
count of data points in bin8
total number of data points

We recorded the following predictors:

Drawingtime Time elapsed between the �rst and last contact with the touchscreen using the
�nger or stylus, measured inB42>=3B. We included Drawingtime as a predictor due to its property
of being a task completion time. Because both our drawing test and the NHPT assess how long �ne
motor tasks take, drawing time is a natural predictor.
SpeedThe velocity of the �ngertip or stylus-tip on the screen, measured in?8G4;B•<8;;8B42>=3B.
Further we calculatedStandard Deviation(stdev_speed),Maximum (max_speed), andEntropy
(entropy_speed). With these metrics, we can explore how fast and consistent the user moves the
�ngertip or stylus across the 2D digital surface. The key metrics help us to see fast and consistent
the user moved. We suspect changes in the maximum speed and the overall consistency.
X Position Horizontal coordinate of the �ngertip or stylus on the drawing pane, measured in
?8G4;B. We calculated theEntropy(entropy_x).
Y Position Vertical coordinate of the �ngertip or stylus on the drawing pane, measured in?8G4;B.
We calculated theEntropy(entropy_y).
Delta X Movement-o�set in horizontal direction since the last recording of the �ngertip's or
stylus' position, measured in?8G4;B. Further we calculatedStandard Deviation(stdev_dx),Maximum
(max_dx), andEntropy(entropy_dx).
Delta Y Movement-o�set in vertical direction since the last recording of the �ngertip's or stylus'
position, measured in?8G4;B. Further we calculatedStandard Deviation(stdev_dy),Maximum
(max_dy), andEntropy(entropy_dy).Delta XandDelta Yallow us for a more in-depth analysis of
the Speed. These two predictors split the velocity into two axis movements, vertical and horizontal.
We suspect to �nd more information inDelta Yas the vertical based on the hypothesis that the
vertical motion is less uniform than horizontal motion, as our participants share the same cultural
horizontal left-to-right writing habits. This can lead to higher variability in vertical strokes, making
it a sensitive indicator of �ne motor performance.
Pressure (stylus only) Pressure detected at the stylus' tip. This predictor was only recorded
for the stylus condition. Further we calculatedStandard Deviation(stdev_pressure),Maximum
(max_pressure), andEntropy(entropy_pressure). This metric directly re�ects how controlled the
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