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Figure 1: Experimental setup with varied target widths, delta heights (e.g., height different between two targets), and distances.

ABSTRACT
One of the most fundamental interactions –pointing– is well under-
stood on flat surfaces. However, pointing performance on tangible
surfaces with physical targets is still limited for Tangible User Inter-
faces (TUIs). We investigate the effect of a target’s physical width,
height, and distance on user pointing performance. We conducted
a study using a reciprocal tapping task (𝑛 = 19) with physical rods
arranged in a circle. We compared our data with five conventional
interaction models designed for 2D/3D tasks rather than tangible
targets. We show that variance in the movement times was only
satisfactorily explained by a model established for volumetric dis-
plays (𝑟2 = 0.954). Analysis shows that movement direction and
height should be included as parameters to this model to generalize
for 3D tangible targets. Qualitative feedback from participants sug-
gests that pointing at physical targets involves additional human
factors (e.g., perception of sharpness or robustness) that need to be
investigated further to understand how performance with tangible
objects is affected.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
ISS ’22, November 20–23, 2022, Wellington, New Zealand
© 2022 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 2573-0142/2022/12-ART583. . . $15.00
https://doi.org/10.1145/3567736

CCS CONCEPTS
• Human-centered computing→ Human computer interac-
tion (HCI); Empirical studies in HCI.

KEYWORDS
Tangible Surfaces; Pointing Interaction; Tangible User Interfaces
ACM Reference Format:
Aluna Everitt, Anne Roudaut, Kasper Hornbæk, Mike Fraser, and Jason
Alexander. 2022. Investigating Pointing Performance for Tangible Surfaces
with Physical 3D Targets. In Proceedings of ACM: Human Computer Interac-
tion (PACM HCI) journal. (ISS ’22). ACM, New York, NY, USA, Article 583,
13 pages. https://doi.org/10.1145/3567736

1 INTRODUCTION
As we move toward more physical user interfaces and surfaces
(e.g., tangible or shape-changing interfaces), there is an increasing
need to understand the effect of form factor on user performance.
Currently, a vast number of studies investigate pointing on GUIs
[21, 44, 57] and touchscreens [2, 19, 68], focusing on how the target
index of difficulty affects pointing performance. However, point-
ing on 3D physical targets is under-explored, and thus designers
lack an understanding of how form factors affect user performance.
We predict that pointing at physical 3D targets is fundamentally
different than 2D ones. Studies in 3D virtual environments [60, 70]
already demonstrate that the size of targets in three dimensions,
and the angle of movement affect pointing performance. Addition-
ally, touch accuracy is impacted by physical aspects such as the
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topology (convex or concave) of the surface touched [53] and the
size of the contact area created when the �nger touches the sur-
face [28]. To establish an initial understanding of fundamental user
performance with physical interfaces, we conducted an empirical
study to investigate how height, width and distance of physical
targets a�ect pointing time. A reciprocal tapping task [44] was used
and adapted to physical touch-sensitive rods of various heights and
widths. To achieve this, we built an experimentation platform using
capacitive sensing and variously sized Perspex rods as targets.

We compared our data with �ve conventional interaction models
(Fitts') designed for 2D/3D tasks rather than tangible targets. Our re-
sults show that our data �ts well with a volumetric display variation
by Grossman and Balakrishnan [20] ¹A2 = 0”954º. To further under-
stand how Fitts' Law can be modeled for physical environments,
we analyzed how the factors in our experiment a�ected pointing
performance. The results demonstrate that movement direction and
height should be added as parameters to existing pointing models
in order to generalize them to physical 3D targets. Additional quali-
tative feedback from participants suggests that pointing at physical
targets involves additional human factors compared to pointing at
virtual ones. For example, the perception of the object's sharpness,
or its apparent fragility may slow down the users in reaching the
target. We discuss how this work opens new directions to further
investigate how those physical factors alter pointing performance.

We believe our results will be of particular interest to commu-
nities within the HCI �elds developing tangible user interfaces,
organic user interfaces or shape-changing interfaces, which are
all looking to further the development and design of physical in-
terfaces. We discuss how having such insights could in turn help
designers and researchers with new design considerations in a
similar manner to more conventional devices. Our work aims to
encourage the community to adopt similar techniques to further
understanding of how physical design variables that a�ect user
performance with tangible user interfaces (TUIs).

1.1 Contributions
Our contributions can be summarized as: (1) An empirical evalua-
tion that shows that the pointing model for volumetric displays [20]
can be bothgeneralizable and extended to pointing on physical
objects. (2)Design considerations derived from our �ndings that
show additional complexities need to be taken into consideration,
such as materiality and a�ordance. (3) Ourtesting platform and
set-up can be easily reproduced in order to support others in devel-
oping newdirections for future work on establishing interaction
models speci�cally for tangible user interfaces.

Note that studying tangible interaction opens up an exponen-
tial design space to examine, and thus a dilemma on what factors
to study initially occurs. Interaction with traditional GUIs (e.g.,
desktop+mouse) is relatively well understood because as we have
over 40 years of studies covering a myriad of usage scenarios and
interaction modeling. We wish to invite the community to further
support more empirical studies with new forms of interactive sys-
tems (e.g., TUIs and shape-changing interfaces). Nevertheless, such
explorations are di�cult to implement given the exponential nature
of the design space. At the end of this paper, we o�er our position
on this issue and how we potentially can overcome it.

2 RELATED WORK
We review work on the physicalization of interfaces and associated
studies. We then discuss existing pointing performance models that
is, Fitts' Law and its variations.

2.1 Physical Interfaces
Tangible [29, 30, 32, 56], organic [27, 67] and shape changing in-
terfaces [3, 15, 50, 52] are areas that push toward the physical-
ization of data and interfaces, either by using static, malleable or
dynamic physical devices. Tangible User Interfaces (TUIs) utilize
physical modalities for enhanced interactive user experience and
give physical form to digital data and information [64]. The �eld
has progressed signi�cantly by presenting a range of models and
prototypes for TUI implementation [30, 48, 49, 63]. Similarly, Or-
ganic User Interfaces allow users to interact with a non-�at display
that can be manually deformed if required [27, 67].

Shape-changing displays [50] add dynamic interactive capabil-
ities to tangible interfaces. This enables dynamic datasets to be
physically encoded [58]. Such interfaces have been used to repre-
sent a wide range of information [18, 41] as well as enhance com-
munication capabilities [40]. These physically deformable displays
can be utilized in diverse new application areas, such as dynamic
landscape and topographical modelling [14], architectural design
[16], physical telepresence [18] and object manipulation [31]. How-
ever, there is still limited low-level understanding of how physical
modalities a�ect interaction [33, 56].

Current shape-changing displays enable input by touching and
pressing into the surface as well as gestural interactions [16, 41, 42].
These inputs enable tangible and shape-changing displays to o�er
tactile interaction capabilities that go beyond that of 2D touch-
screens. Recent work has focused on the design of new interaction
styles [16, 42, 59], however, little empirical performance data is
presented. Similarly, recent reviews of the state-of-the-art, on both
tangible and shape-changing user interfaces, such as Jansen et al.
[33] and Rasmussen et al. [50], highlight the need to develop funda-
mental understanding of basic user interactions for those interfaces.
Jansen et al. [33] emphasizes the need to better support interaction
with physical forms in terms of a�ordances and haptics. One of
the motivations for our work is to encourage the community to
gather more empirical data about how physical features impact
user performance.

2.2 Pointing Studies on Physical Interfaces
Recent work on interaction with non-�at surfaces focuses predom-
inately on curved or deformable displays. BendDesk [71] begins to
investigate user performance for dragging gestures across a curved
hybrid interface. Their �ndings suggest that motor control across
a curved surface is more complex than a �at plane, and therefore
takes longer. Voelker et al. [69] also investigate �icking gestures
with a similar set-up. They �nd �icking gestures on curved sur-
faces are mostly in�uenced by the motor execution stage of the
gesture rather than the visual perception stage. We presume as
similar motor control e�ect could be observed with tangible targets
of di�erent height, though these studies are not focused on pointing
but rather continuous gestures.
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Empirical studies for pointing on deformable displays begin to
look at user performance in terms of accuracy. Bacim et al. [5]
evaluate how surface deformation a�ects touch interactions for
selection accuracy on �at and hemispherical deformable displays.
They �nd that users rely heavily on visual feedback for precision
on deformable surfaces. Preliminary work also begins to build an
understanding of form factors a�ect the design of deformable inter-
faces. Lee et al. [39] show that the device size is an important factor
to consider when designing mobile deformable devices. Though
these studies are looking at user interaction, they focus on touch
accuracy and not pointing performance.

Fitts' Law work that closely relates to our setup and explores
touch input either looks at `edge of a table' user performance [36]
or barrier pointing on �at screens [19]. Though the exploration of
surface edges is applicable to our setup, as our targets also have
edges, both of these studies focus on utilizing �at surfaces and
displays rather than tangible targets. The closest relatable work ex-
plores touch input on curved surfaces by Roudaut et al. [53], where
they evaluate how participants acquire targets on non-�at surfaces
with di�erent curvature and at locations of di�erent slope. While
our work also focuses on non-�at surfaces, we explore tangible
targets that protrude from a �at surface directly (e.g., straight rods),
without slopes or curved contours.

2.3 Pointing Models
Fitts' Law [17] provides an established model to pro�le users' motor
skills by relating the movement time¹") º to reach and touch a
target. This is calculated using a target's size¹, º and distance¹� º
from an origin. The logarithmic element of the equation is known
as the �Index of Di�culty� ¹� � º. This law has been used in a large
variety of contexts and has seen many variations. Soukore� and
MacKenzie provide a thorough review [57]. Despite being originally
conducted in the (�at) tangible world, Fitts' Law has not been inves-
tigated with physical 3D targets. Below is the Shannon formulation
[45] used to calculate� �B for factor analysis in this study:

� � = log2

�
�
,

¸ 1
�

Shannon Formulation

2.3.1 Extending Fi�s' Law for 3D Applications.A number of pro-
posed models have extended Fitts' Law for 3D movements to real-
world targets [12, 62] well as stereoscopic target objects and display
environments [7, 10]. However, there is limited work examining the
applicability of these models speci�cally for tangible user interfaces.
Ha and Woo [22] evaluate user performance for 3D object manipu-
lation in a tangible augmented reality environment but only using
virtual hand techniques. Additionally, Barrera and Stuerzlinger
[7] evaluated 3D pointing with physical targets for two directions
but using a stereo display. More recent work in Fitts' Law begins
to explore interaction for 3D applications but these new 3D ex-
tensions still focus on traditional displays and interfaces such as
touchscreens [65], comparisons between AR and VR performance
[8, 9], or applications solely in Virtual Reality (VR) environments
[13, 55, 74]. Triantafyllidis and Li [62] begin to explore the chal-
lenges in modeling human-performance in 3D space with Fitts'
Law. However, unlike current 3D models for Fitts' Law, that are

grounded in virtual environments, the key motivation of this pa-
per is to understand how interaction performance is a�ected with
tangible user interfaces in real physical environments.

2.3.2 Rational Behind Model Selection.There is a large number
of Fitts' Law models for a large range of contexts and apparatus
(e.g. [23, 34, 38, 57, 66]). Our goal was to select a subset of these
models of interest either based on established models or that are
closely related to the scope of our paper. We �rst choose the original
Fitts' [17] as a baseline comparison. Next, we looked at the most
compared and established models in 1D/2D, choosing MacKenzie's
and Welford's models. There is certainly work into extending 1D
Fitts' to 2D tasks (e.g. MacKenzie and Buxton [45] for 2D rectangular
targets) but a smaller amount of work going from 2D to 3D in the
tangible world.

We choose Murata's model [47] as it extends Fitts 2D to 3D,
although not fully, as their apparatus involves a touch surface
moving up and down. The other closest model is Grossman et al.'s
[20]. While it does use a pointing apparatus rather than touch, the
targets are on a volumetric display, which is close to our work on
real world physical targets. There have also been attempts to go
from 2D to 3D in virtual environments [11, 12, 35, 60, 61]. We did
not add a model from the VR literature because the most recent
and established works [11, 60] use the original Fitts' model which
we have already included.

2.3.3 Pointing Models of Interest.

(1) The originalFitts' Law as described is our baseline. The
model encompasses human psycho-motor behavior, orig-
inally developed on the basis of information theory. Fitts
derived an Index of Di�culty (ID) for a pointing task given
by equation 1.

Equation 1

") = 0 ¸ 1 log2

�
2

�
,

�

(2) MacKenzie and Buxton's model [45] is one of most adopted
within the community [57], tailored to quantifying move-
ment behavior for 1D and 2D tasks. This model compared
several alternative formulations of Fitts' law to model 2D
mouse-based pointing by varying target width and height.
They found that an index of di�culty formulation that used
the minimum values for width and height yielded high pre-
dictive power.

Equation 2

") = 0 ¸ 1 log2

�
�
,

¸ 1
�

(3) Welford's [72] is also one of most widely adopted within
the community [57]. Like variation (2), it tailored the model
to quantifying human movement behavior for 1D and 2D
tasks. Welford observed that the endpoint deviation in a 1D
task followed a Gaussian distribution.

Equation 3

") = 0 ¸ 1 log2

�
�
,

¸ 0”5
�
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(4) Murata and Iwase [47] adapted McKenzie's model [45] for
3D targets by accounting for a user's angle of motion (e.g.,
direction) from an origin to a target for movement in three-
dimensional space. They derived a model variation using\ ,
the angle of motion from an origin to a target. This model
evaluates the e�ects of target size, position, and depth on
the time required to select 2D physical targets positioned
vertically (e.g., on the coronal plane) with respect to the user.
Traditional ID formulation resulted in poor predictive power
for 3D movements. However, target location, re�ected by the
azimuth angle measured positive from the x-axis, exhibiting
a sinusoidal relationship with movement time. Movement
times were longer for targets positioned higher in the visual
�eld than for targets positioned lower in the visual �eld.
Based on this �nding, they proposed an extended model.

Equation 4

") = 0 ¸ 1 log2

�
�
,

¸ 1
�

¸ sin¹\ º

(5) We have also chosen to use theGrossman and Balakrish-
nan [20] model, which further extended the Accot and Zhai
[1] model to include 3D target size and the direction of move-
ment. Accot and Zhai improved on Mackenzie's [45] model
by using a weighted Euclidian norm to model the in�uences
of target width and height independently and combined
these e�ects into a single estimate of task di�culty to yield
greater predictive power. However, they observed that the
resulting model accurately predicted performance for 2D
movements to 3D volumetric targets. Speci�cally, the Gross-
man model (Equation 6) for pointing in 3D environments
takes into account the distance (or amplitude) of moment
¹� º, 3D dimensions¹, • �• � º and volume of the target. This
model considers both movement and approach angle (\ ) that
should be accommodated by all components¹, • �• � º. An
additional weighted parameter is incorporated5, • �• � ¹\ º
that takes on di�erent empirically determined values depen-
dent on movement angle\ .

Equation 5

") = 0¸ 1 log2

 s

5 , ¹\ º
�

�
,

� 2
¸ 5 � ¹\ º

�
�
�

� 2
¸ 5 � ¹\ º

�
�
�

� 2
¸ 1

!

Note that the e�ective parameter adjustment is recommended by
MacKenzie [44] by normalizing target width¹, 4 º and Index of
Di�cult ¹� �4 º to re�ect what the subject actually did. Welford [72]
goes into more detail as to how to apply e�ective normalization
for Fitts' analysis. The main adaptation we made to the Grossman
and Murata model was the use of the height di�erence between
two targets as the Height parameter (i.e., delta height) in those
models�whereas the Grossman uses the full length of one target
for the Height. We use the center of the disc to measure the distance
and the diameter of the cylinder for the width.

2.4 Mixing Pointing Models
We were curious to create a variation of the 3D Fitts Law model that
is extended from Murata [47] (Equation 4) combined with Grossman
[20] (Equation 5), where we introduce the height di�erence between

two targets (delta height as� ) - ((Equation 6). Our dataset produced
0 = 0”1•1 = 0”07• andA2 = 0”878. We did not include the baseline
data points for �at targets where height is 0 as zero cannot be
divided. We have also considered a Pythagoras based approach
for modeling due to the hypotenuse distance (Equation 7) which
did generate a much higher �t withA2 = 0”837. It thus seems like
an adaption of the Grossman model can be su�cient enough for
describing interaction with tangible objects and that mixing it with
others can also provide su�cient �t. In summary, delta height
and elevation angle a�ect pointing performance with physical 3D
objects. Additionally, factors such as direction of movement should
also be included in future models.

Equation 6

") = 0 ¸ 1 log2

�
� � ¸ �

,
¸ 1

�
¸ sin¹\ º

Equation 7

") = 0 ¸ 1 log2

� p
� � 2 ¸ � 2

,
¸ 1

�
¸ sin¹\ º

3 EXPERIMENTATION PLATFORM
First, we describe the experimental platform used to study pointing
with physical objects.

3.1 Overview
The experimental setup consists of a base onto which can be slotted
interchangeable physical rods. (Figure 2). In order to detect touch
on the top of the physical rods we used capacitive sensing. A change
in capacitance is transmitted to the base (which hosts an Arduino
board) via conductive pipelines, in our case copper tape (Figure
2A). We also added an LED to the bottom of each slot in order to
provide basic user feedback di�used through the clear plastic rods.

3.2 Implementation
TheBase Layer(i) supports the enclosure structure for the LEDs and
layers above. We recommend using Perspex 3mm thick or above to
ensure a strong foundation to hold substantial weight, especially
for large targets. We use miniature �at RGB LEDs in gaps below the
modular targets for simple visualizations. TheVisualization Layer
(ii) provides visual cues and feedback. TheTransparent Layer(iii)
provides support for the targets and ensures illumination for clear
targets. TheCapacitive Layer(iv) provides a circular gap above
each LED to house a target base (see Figure 2B). For interactivity,
conductive copper tape is secured on the surface of the layer.

The copper tape is connected to a10: 
 resistor and two Arduino
pins for digital serial read, recording capacitive sensing. The copper
tape on the target base must contact copper on theCapacitive
Layer(iv) gap as seen in Figure 2B. The gaps ensure that targets of
varied widths and heights can be easily swapped to enable more
arrangements and reduce construction time and replication.

TheTargets(v) are positioned in the base of the setup arrange-
ment and are made from clear, solid acrylic rods with an Indium
Tin Oxide (ITO) �lm secured to the top to detect touch input (see
Figure 2). A thin piece of copper tape running along the side of
the target transmits capacitive input to an Arduino. Once a user
presses the top of a target, the change in capacitance is recorded
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Figure 2: Modular target implementation and close-up of the
platform set up with copper tape for capacitive sensing (A).
Experimentation platform structure breakdown based on a
set of laser-cut Perspex layers and target design (B).

as touch input. The Arduino provides millisecond-level timing to
record when a target is touched. TheTop Cover(vi) ensures that
electronics are not exposed, and that conductive tape is concealed
to prevent any unnecessary touch detection outside target areas.

4 USER STUDY DESIGN
The goal of our study is to understand how physical factors a�ect
pointing performance. For this, we used a multidirectional study
set-up design, a variation of ISO9241-9 standard (2002). This is a
common setup used for studying pointing and enabling realistic
interaction behavior for users that is not restricted to one direction.
However, adding physicality and 3D form to such a task increases
the number of variables of interest. We �rst present a breakdown
of these physical factors before explaining our experimental design
and how we adapted this task to physical 3D targets.

4.1 Variables of Interest
Figure 3 illustrates the di�erent variables of interest when studying
a reciprocal pointing task with physical targets. As dimensionality
increases, so does the range of variables that need to be taken into
consideration, below we describe rational for variables chosen.

Figure 3: Variables of interest to consider when studying
pointing on physical targets.

Elevation Angle vs. Movement Direction Angle.Elevation angle is
on the YX plane (vertically) as the �nger is raising up towards a
higher target (Figure 3). It is calculated using trigonometry, with
Delta Height, Flat Distance and Hypotenuse Distance (Figure 3).
Movement direction angle is on the XZ plane (horizontally). When
two targets are the same height (e.g., delta height = 0), the elevation
angle on the vertical plane is always zero but movement angle on the
horizontal plane is always greater than zero. Existing work with 3D
target acquisition often focuses on vertical movements, i.e. where
the angle corresponds to the angle relative to gravity. We focus on
investigating both the horizontal and vertical movement, where
gravity could impact performance. Note that in Murata's model
[47] elevation angle refers to the direction of movement around a
central reference target which is di�erent from our de�nition.

Target Height vs. Delta height.The target height is the actual
height of the target and delta height is the di�erence in height
between two targets. When two targets are of the same height
(delta height = 0), pointing is similar to that of traditional 2D Fitts'
Law. What we believe is of interest, and not studied so far, is the
variation of height, or delta height.

Flat Distance vs. Hypothenuse Distance.The distance between
targets is a factor in Fitts' experiments in 2D, where targets are on
the same plane. For 3D targets, it may be appropriate to consider
the vector of hypotenuse to reach a target at a di�erent height as it
is likely to have an impact onMT since the hypothenuse will be
larger than the �at distance between targets of di�erent heights.

Finger as an Area Pointer.Finger width should be taken into
consideration as it is not a singularity like with a mouse cursor or a
pen. The experimental hardware allows even a small contact point
between the �nger and the target to achieve activation [37].

4.2 Study Overview and Rationale
We can see that the range of possible factors to study becomes
quickly exponential. Only a reasonable set of variables can be
studied within an experimental design, we reduced the number
of factors to a tractable set. Instead of varying independently target
width, �at distance, and delta height, which could lead to a too large
a dataset, we made the following choices:
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