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ABSTRACT 
We present a predictive model for the functional area of the 
thumb on a touchscreen surface: the area of the interface 
reachable by the thumb of the hand that is holding the device. 
We derive a quadratic formula by analyzing the kinematics of 
the gripping hand. Model fit is high for the thumb-motion tra
jectories of 20 participants. The model predicts the functional 
area for a given 1) surface size, 2) hand size, and 3) position 
of the index finger on the back of the device. Designers can 
use this model to ensure that a user interface is suitable for 
interaction with the thumb. The model can also be used in
versely – that is, to infer the grips assumed by a given user 
interface layout. 
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ACM Classification Keywords 
H.5.m. Information Interfaces and Presentation (e.g. HCI): 
Miscellaneous 

INTRODUCTION 
This paper addresses a challenge unique to interaction with 
hand-held touchscreens: not all of the surface can be reached 
with the thumb of the hand that holds the device. We call 
this area the functional area of the thumb. The larger the dis
play and the smaller the user’s hand, the smaller this area is 
in proportion to the total display area. If an interaction ele
ment is beyond the thumb’s immediate reach, the user must 
change grip in order to reach it. The cost of changing the grip 
is particularly high if the other hand has to be recruited for 
the task. Frequent grip changes can be detrimental to mobile 
interaction, wherein users must also devote attention to their 
surroundings. 

This is not a new problem. Designers have long been aware 
of it and developed estimates of the functional area (see Fig
ure 1). However, such heuristics are only rough approxima
tions of a complex phenomenon. The human hand has ap
proximately 26 degrees of freedom [14], and grip styles [11, 
19] and hand sizes [7, 8] vary. Moreover, users are known 
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to adjust their grip or even switch type of grip when walking, 
changing body posture, or manipulating other objects in the 
hand [2, 3, 21, 23]. The dynamics and variability of grips call 
for more systematic investigation of the functional area of the 
thumb. 

This paper models the functional area of the thumb in interac
tion with a hand-held device. “Functional area” here denotes 
the continuous area on the touchscreen surface that the input 
finger (in our case, the thumb) can extend to while the hand 
is gripping the device. Interaction with any interface element 
falling within this area is possible without a change in grip. 

The model is a quadratic equation that yields a parabola for 
the extrema of thumb motion. We derive this form through an 
observation that, although the free movement of the thumb 
is three-dimensional, the motion trajectory on a surface is 
two-dimensional. The thumb motion on a surface can be pre
dicted from index-finger position, because the index finger 
and the thumb are linked. The model assumes that the in
dex finger is maximally extended on the back of the device. 
Therefore, the estimate yielded is conservative: If the index 
finger is not extended, the real area lies somewhere within the 
predicted one. 

The approach is generalizable: The model covers all grips in 
which the rest of the fingers are on the back of the device 
and the thumb operates on the screen surface. The model 
also accommodates grips with several orientations, users with 
various hand sizes, and devices of varying screen dimensions 
(including thickness). We discuss three applications: 

1. Given statistics on the most probable grips, hand sizes, and 
screen dimensions, or even intuition as to these, the model 
can inform the designer of where best to place interface 
elements. 

Figure 1. Designers (referred to from left) have previously used heuristic 
estimates for the functional area of the thumb [30, 13, 5, 6]. 
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2. Given the positions of interface elements, the model can 
predict the grips that can cover them conveniently. This 
can be used in gauging whether a design is likely to be 
suitable for thumb-based interaction. 

3. The model can be used to refine adaptive interfaces that use 
on-device grip-sensing [4, 10, 29]. 

PREVIOUS WORK 
The general problem we examine is how grasping an object 
affects the ability to provide input on its surface. Relevant 
work has been carried out in kinesiology and biomechanics, 
alongside HCI. 

Kinesiology and Biomechanics 
Existing kinesiological or biomechanical models of object 
manipulation are not directly applicable to our case, because 
separate modeling is typically used for each of the two key 
elements: prehensile movements, for grasping [19], and non-
prehensile movements, for aiming or gesturing [14]. 

The concepts of functional space and workspace have been 
used in kinesiology and biomechanics to refer to the pos
sible postures of the thumb but not with the kinds of con
straints typical of the case of touchscreens. Kuo et al. [17] 
tracked unconstrained motion of the thumb to compute its 3D 
workspace. The results cannot be directly applied to touch
screen interaction, because screen surface constrains thumb 
motion. Li and Tang [18] tracked the coordination of thumb 
joints during opposition of the thumb and the index finger . 
Their results imply a parabolic form of motion of the thumb 
when opposed to the palm. 

Human–Computer Interaction 
Previous work can be categorized by research interest: 1) in
forming the placement of interface elements, 2) evaluating 
the effects of interface element’s position on grip and perfor
mance, and 3) adapting interfaces to the grip. 

Firstly, the grip affects the performance of thumb input on 
the front-facing surface. Oulasvirta et al. [24] compared the 
performance of six distinct grips in a tapping task, to find 
the most efficient one. The grips were distinguished by the 
orientation and by where the edge and corner of the tablet 
device contacted the hand. Odell and Chandrasekaran [22] 
measured the thumb’s reach on a tablet. They controlled one 
dimension of the grip in relation to the device: the position of 
the hand along the tablet’s edge. Users performed a reaching 
task with two grip positions, palm on the side or on the corner 
of the device. The results of these studies cannot be directly 
applied to our case, because the grips studied address only a 
subset of the possible cases. 

Secondly, the positions of interface elements have been found 
to affect grip and performance. Parhi et al. [25] studied the 
effect of target size in one-handed touch input, and Park and 
Han [26] investigated the effect of interface-element position 
and size on performance. Both studies suggest that perfor
mance of thumb input improves closer to the center of the 
screen. Trudeau et al. [28] investigated a tapping task with 
a 12-key grid, showing that location significantly affects the 

user’s grip in terms of joint positions in relation to the mobile 
device. That is, users change their grip to reach the target. 
They further suggested that interface elements should be pre
sented near the thumb‘s resting position instead of close to 
the limits of the functional area. The model presented here 
contributes to this line of work with its suggestion as to the 
area a thumb can reach without a grip change. Our model is 
not aimed at predicting the performance gradient within the 
area. However, the conclusion of Trudeau et al. can be com
bined with our model for a heuristic: UI elements should not 
be placed close to the predicted extrema of the thumb’s reach. 

Finally, recent work has looked at adapting interfaces by 
means of on-device sensors that can predict the user’s 
grip. Goel et al.’s GripSense [10] distinguishes between 
index-finger and thumb input and between the left and right 
thumb. Input fingers can also be distinguished via tracking of 
the touches on the screen [1, 9, 31]. Kim et al. [16] distin
guish among eight task-specific grip classes, such as “Call” 
or “SMS single-handed”. Taylor and Bowe [27] use a capac
itive sensor grid and accelerometer to characterize five grips 
on a hand-held object. Cheng et al.’s iGrasp [4] predicts the 
grasp position on the two sides of the device. It can sense 
the position with 1 cm accuracy and adapts the keyboard type 
and position on a tablet touchscreen. To our knowledge, these 
techniques do not predict the functional area of the thumb and 
are limited to locally specified grip classes or to a single di
mension defining a grip. However, they do demonstrate the 
advantages of grip-based layout adaptation. Our aim is to 
cover all grips wherein the other fingers hold the device from 
the back while the thumb acts upon the screen. 

BACKGROUND: ANATOMICAL CONSTRAINTS TO 
THUMB MOTION 
The model is aimed at predicting the thumb’s functional area 
for any grip wherein the other fingers are at the back of the 
device. To this end, we make a simplifying assumption: The 
position of an extended index finger at the back of the device 
constrains the position of the parabolic curve that describes 

Figure 2. a) Terminology used in the model for joint motions: “adduc
tion” and “abduction” (in red) and “flexion” and “extension” (in green); 
b) joint names and the “index finger line”: a line that connects the ad
ducted index finger and the metacarpal bone. 



the extrema of the thumb’s motion on the front surface. The 
logic is as follows: i) the distance of the index finger’s tip 
from the edge of the device limits the maximal distance of the 
thumb tip from that edge and ii) the extrema of the motion 
of the thumb, when contacting a surface, lie on a parabolic 
curve. In other words, if one “pushes” the index finger (be
neath the device) further from the edge, the thumb’s tip moves 
toward that edge. Therefore, if we know the position of the 
tip of the index finger on the back of the device, we can pre
dict the thumb’s functional area on the screen side. 

The Kinematic Chain, Linking Thumb and Index Finger 
We work from the fact that the tip of the index finger is linked 
in a predictable manner to the base of the thumb and the tip 
of the thumb. The joints and joint articulations of this chain 
are introduced in Figure 2. 

Starting at the index finger, the chain consists of the following 
joints and ranges of motions (see Figure 2): 

1. The index finger’s distal interphalangeal (DIP), proximal 
interphalangeal (PIP), and metacarpophalangeal (MCP) 
joints. The DIP and PIP joints allow extension and flex-
ion of 65◦ and 110◦, respectively. The MCP joint allows 
85◦ flexion and active hyperextension of approx. 30◦–40◦ . 
In addition, the MCP joint can abduct up to 30◦ from the 
midline of the hand. However, abduction becomes difficult 
or impossible when the MCP joint is flexed. [14] 

2. The index finger’s MCP and the thumb’s carpometacarpal 
(CMC) joints are connected by a metacarpal bone in the 
palm. 

3. The thumb’s flexion/extension in rotatory planes are en
abled by the CMC joint. The thumb’s CMC is a saddle 
joint, and its palmar abduction ranges to about 45◦ and ra
dial abduction to 60◦. [14] 

4. The thumb’s MCP joint flexes to approximately 55◦ and 
hyperextends to 10◦ . The thumb’s interphalangeal (IP) 
joint flexes to 70◦–80◦ and hyperextends to 15◦–20◦. [14, 
20] 

Parabolic Motion Trajectory on a Surface 
Because of the link described above, when the hand is 
gripping the mobile device, the position of the extended 
index-finger tip on the back determines the extrema of the 
thumb-tip position on the screen. The assumption that the 
thumb is fully extended allows us to model a grip via a sin
gle parameter: the distance of the index finger’s tip from the 

Figure 3. The ulnar–radial (in the figure, left–right) motion of an ex
tended thumb on a surface defines the extrema of the functional area, 
here illustrated with a parabola. 

Figure 4. The model’s coordinate system: the y-axis is defined by the 
index finger, and the red circle points to the origin defined by the y-
axis crossing the device’s edge. α is the rotation. The model input is d, 
the distance of the index finger’s tip from the origin. The output is the 
quadratic model fy (x) and its coefficients. 

edge of the device. What we still need to know is the thumb’s 
workspace. 

Although the thumb’s unconstrained 3D motion covers an ir
regular volume [17], the maximum of its reach on a surface 
appears parabolic. This knowledge has been used in consider
ation of the opposition of the thumb against the other fingers 
[18]. 

Figure 3 illustrates the rough form of the thumb tip’s motion 
from the ulnar (Figure 3, left) to radial (Figure 3, right) side 
when the thumb opposes the other fingers. In summary, the 
assumption that a surface limits the motion allows us to model 
the motion in two dimensions. We later confirm the parabolic 
shape with empirical data. 

OVERVIEW OF THE MODEL 
In this section, we introduce the input parameters and then 
present the model and its coefficients. 

Throughout, we assume a coordinate system that is 
hand-centric; that is, the index finger line is the y-axis in the 
model (see Figure 4). The model assumes an extended, ad
ducted (“straight”) index finger. The origin (x0, y0) is at the 
intersection of the y-axis and the edge of the device (see Fig
ure 4). The x-axis is orthogonal to the y-axis at (x0, y0). 



Figure 5. Illustration of effects of index-finger distance d: “Pushing” the thumb further along the surface simultaneously “pulls” the index finger from 
the back. d is the distance of the index finger from the edge closest to the thumb. 

Index-Finger Distance d 
In the model, index-finger distance, denoted as d, is the dis
tance between the index finger’s tip on the back surface and 
the origin (see Figure 5). d is assumed to affect the coef
ficients of the quadratic model because the index-finger tip 
physically connects to the thumb CMC joint and thereby 
strongly affects the pivot point for the thumb tip’s motion. 

Figure 5 shows that decreasing index-finger distance d on the 
back (from left to right) transforms the grip, giving the thumb 
CMC joint (indicated by the black dot) more space to move. 
When the touchscreen is held firmly in the palm and the four 
other fingers support the device over their full length, this 
“power grip” restricts CMC joint motion and only the MCP 
and IP joints of the thumb can move (see the first and second 
panes of the figure). In contrast, we can see (in the third and 
fourth panes) that when the device is balanced on the same 
digits in a precision grip, the CMC joint and the whole thumb 
from there on can move more freely. 

Hand Size s 
The user-specific dimensions of the index finger and the 
thumb necessarily affect the position and size of the thumb’s 
functional area. However, it is not known which of the many 
measurements of the hand’s anatomy is the best predictor. For 
example, one candidate might be finger span – the distance 
between an extended index-finger tip and thumb tip against a 
surface. We later test eight common hand measurements and 
apply the best scaling factor in the model. 

Hand Orientation α 
When the device is in the hand, α is the angle between the 
horizontal edge of the device and the hand’s axis of ori
entation (the y-axis). Figure 4 shows an example wherein 
α ≥ 90◦ . 

The Quadratic Model 
We describe the parabola of the thumb’s motion on the touch
screen as a quadratic function, fy(x). We use the vertex form 
instead of the standard form1: 

fy (x) = ay(x + h)2 + k (1) 

1The standard form of a quadratic function is f(x) = ax 2 + bx + c. 

The effects of the coefficients ay , h, and k are illustrated in 
Figure 6 and describe the following features of the parabola: 

•	 ay: Curvature, or the speed of decrease from the vertex 
(function’s maximum). Our model opens downward (to
ward the thumb’s base), so a ≤ 0. A larger a (closer to 0) 
indicates slower decrease, and a smaller a indicates faster 
decrease (a tighter curve). 

• h: The x-coordinate of the curve’s maximum. 
• k: The y-coordinate of the maximum. 

The coefficient ay expresses curvature, and coefficients h 
and k refer to the position of the vertex in x and y coordi
nates, respectively. Figure 4 illustrates the coefficients of the 
quadratic model in relation to the axes, the hand, and the de
vice. 

The coefficients ay , h, and k in Equation 1 are assumed to 
depend on d. The dependencies are analyzed later with the 
collected data. For the time being, these are referred to as 
unknown functions fay (d), fh(d), and fk(d). 

fy(x) = fay (d)(x + fh(d))
2 + fk(d) (2) 

DATA COLLECTION 
Thumb-motion data were collected via a touchscreen, en
abling us to do the following: 

1. Validate the quadratic form (Equation 1) by analyzing its 
fitness to the data 

2. Find a normalization parameter for hand size s from cor
relations of eight hand measurements and the maximum 
values in the motion data (coefficient k) 

3. Model the coefficients describing the curvature (fay (d)) 
and the maxima (fh(d) and fk(d)) of the quadratic model 
(Equation 2) against index-finger distance d 

Figure 6. Illustrations of quadratic function coefficients. 



In the study, 20 participants were asked to extend the thumb to 
its extrema on a touchscreen and perform a continuous move
ment that marks the limits of functional areas. We controlled 
the distance of the index finger d at the back of the device in 
11 increments, while the touchscreen tracked the trajectory 
of the thumb in the front. The task was performed with the 
right hand, and the orientation of the index finger α was kept 
constant (at a right angle). 

Participants 
Data were collected from 20 subjects, eight of them female 
and 12 male, with a mean age of 29.4 years. The span be
tween the index finger and the thumb ranged from 161.0 mm 
to 220.0 mm, with a mean of 189.7 mm and SD of 14.4 mm. 
Mean hand length varied between 147.0 mm and 200.0 mm, 
with a mean of 181.2 mm and SD of 12.0 mm. The data 
also include samples from the 5th and 95th percentiles of the 
anthropometric data reported in previous work [7]. Also, the 
mean of male and female samples fit within the standard devi
ation range of the anthropometric mean from the earlier work. 
Therefore, the sample can be considered representative. 

The participants received a movie ticket as compensation for 
their time. 

Apparatus 
An iPad Mini was used to track the thumb touches on the 
screen (on the left in Figure 7). The iPad Mini has a wide 
enough screen for tracking of the thumb’s full motion when 
the index finger (y-axis) is placed in the middle of the de
vice’s back. This device is also lightweight and has a thin 
profile that does not obstruct movement. The screen width is 
120 mm (768 pixels) and height 160 mm (1024 pixels). The 
total width of the device is 134.7 mm, total height 200 mm, 
and thickness 7.2 mm. 

An Interlink Electronics round force-sensing resistor (FSR) 
of 0.2-inch diameter was placed every 15 mm along the back 
of the device (see Figure 7, right). The first block, 0–15 mm, 
placed the center of the sensor 7.5 mm from the edge. The 
FSRs were powered by an Arduino Uno, rev. 3. Analog re
sistance was also measured on the Arduino analog input pins 
and computer-logged via the Arduino serial port. The analog 
force values were scaled to 0–1023. A > 0 force was required 
to indicate the index finger as touching the correct position, 
and 10 kΩ resistance was employed to ground the values. 

Experiment Design 
The experiment followed a within-subjects design wherein 
the value of index-finger tip distance d was adjusted to vary 
from small (d1 = 7.5 mm) to maximum (d11 = 157.5 mm). 
d was increased in 15 mm increments, from the nearest edge 
to the greatest distance d with which the thumb tip could still 
reach the screen. The order of approach (from nearest to far
thest end) was counter-balanced across subjects by rotation. 

Task and Procedure 
The participants were asked to position the tip of the index 
finger on the sensor with a given number (Figure 7, right). 
The index finger was kept straight on the sensor line (orthog
onal to the device’s edge) so that the finger also touched a 

Figure 7. Data collection: Participants were requested to extend their 
thumb motion on the front surface to their extreme reach (left). The 
position of the index finger (d) was controlled by fingertip placement on 
a numbered sensor on the back side (right). 

sensor on the edge. The moderator monitored sensor values 
during the reach action, to ensure that the index finger was 
held in the correct d position, and the task was repeated if the 
finger slipped. 

The task was to extend the thumb’s reach as far as possible 
with one continuous movement toward the edges of the de
vice while keeping the tip of the index finger in the d position 
(Figure 7, right). Participants were asked to hold all of their 
other fingers together (adducted, as in Figure 2, right). For 
measurement of extreme reach without device mass affecting 
performance, the participants were allowed to support the de
vice with the left hand. Also, subjects were allowed to hold 
the device in any position, globally, by tilting or rotating it. 
The trajectory of the thumb motion was shown on the screen 
during the task (in Figure 7, represented by the blue line on 
the left). 

The tasks were performed with the screen held horizontally 
to record as wide a motion as possible. However, with 
larger hands, some tasks were performed vertically if that was 
needed – i.e., when the reach at d was observed to extend 
beyond the opposite edge, the screen was shifted to vertical 
orientation to allow for and track the extended reach. 

Participants were allowed four practice rounds for holding 
the index finger still and seeing the touch trajectory on the 
screen. They were asked to start the thumb reach from the 
left (ulnar) side and finish on the right (radial) always, only 
performing a single, continuous movement. One such move
ment was considered a task. The speed of the movement was 
not important: participants were told that determining maxi
mum reach was the primary goal. After the practice rounds, 
hand measurements commenced. The experiment consisted 
of as many as 11 tasks, depending on the greatest distance the 
participant could reach on the screen. The experiment took 
approximately 20 minutes. 

PARAMETER ESTIMATION 
In this section, we validate the assumption that the shape 
of the thumb’s extreme reach on a surface is described by 
a quadratic equation (Equation 1). Secondly, we identify 
a hand-size measurement for the normalization parameter 
(s). Thirdly, we model the relationship of d to the functions 
fay (d), fh(d), and fk(d) of Equation 2. 



Figure 8. Observed vs. predicted functional areas. Trajectories in blue show original motion data from the 20 participants after normalization. The 
model’s prediction is shown in red. The parameter d is illustrated on the right. 

The dataset consists of, in all, 160 motion trajectories. All 20 
participants reached seven distances (up to d7, or 97.5 mm), 
14 reached d8 (112.5 mm), and six reached d9 (127.5 mm). 
None reached the 10th or 11th d location. Data points with 
the same x-value but a y-value lower than another point were 
filtered. This procedure removed accidental touches by other 
fingers or other parts of the thumb or palm from the data. 

The Quadratic Form of the Functional Area 
We used non-linear regression and a least-squares approach to 
find the parameters ay , k, and h of Equation 1 for every trajec
tory individually. This tests whether there exists a quadratic 
function that describes the shape of the trajectory. We later 
return to modeling every trajectory with a single model. 

The average fitness of these is R2 = 0.958 with a minimum 
of R2 = 0.822 and maximum of R2 = 0.998, suggesting that 
the limit of the thumb’s functional area is parabolic. 

Normalization with Finger Span (s) 
To discover a predictive normalization parameter s for hand 
size, we tested the correlations between the maximum of the 
thumb trajectory (k) and eight hand measurements: 1) the dis
tance of the index finger’s tip from the knuckle (MCP joint) 
and 2) from the base of the thumb, 3) the distance from thumb 
tip to knuckle (MCP joint) and 4) to the base of the index 
finger, 5) hand span between abducted thumb tip and little 
finger’s tip, 6) finger span between extended thumb tip and 
index finger tip (against a table surface), 7) angle between 
the abducted index finger and thumb, and 8) the hand length 
(from wrist to tip of the middle finger). 

Significant correlation was found for no other hand measure
ment than finger span. The correlation with finger span is 
not surprising, since it is equivalent to the maximum reach 
from the tip of the index finger to the tip of the thumb in 
one plane. The finger span showed a significant correlation 
(r = 0.687, pmean = 0.029) for all but the greatest (9th) dis
tance. However, only six of the 20 participants reached that 

distance, so there are few data. For the first eight distances, 
the correlation was strong (r = 0.701, pmean = 0.004). 

We will use finger span s as a normalization factor for k, be
cause it shows strong correlation and is easy to measure for 
input to the final model. 

Functions fay (d), fh(d), and fk(d) 
From an anatomical point of view, the quadratic function’s 
coefficients for curvature (fay (d)) and maximum (fh(d) and 
fk(d)) depend on the d value as discussed above (e.g., Fig
ure 5). To determine this relationship more precisely, we 
measured the correlation of d with ay , h, and k. 

However, we found that the curvature parameter ay (r = 
0.064, p = 0.642) and the x-coordinate of the maximum 
h (r = 0.195, p = 0.489) do not correlate with d. The 
mean value of curvature was ay mean = −0.013, with an 
SD of 0.007. The mean of the vertex’s x-coordinate was 
hmean = −15.996, with SD = 11.612, suggesting that the 
maximum point of the functional area was located, on aver
age, at −16.00 mm from the y-axis. 

This observation simplifies the model, because we use the 
mean values thus obtained as constants for ay and h. The 
coefficient k was correlated significantly with distance d (r = 
0.996, p = 0.000), and the relationship needs to be modeled 
in the function fk(d). 

Coefficient Function fk(d) 
The coefficient k is the maximum value of the quadratic 
function. As presented above, k correlates strongly with 
index-finger distance d, and the finger span s correlates 
strongly with k. 

Here we model the function fk(d) and test its fitness. Be
cause the finger span equals the maximum reach between 
the thumb tip and the index finger’s tip on a surface, sub
tracting s from d should indicate “ideal” maximum reach k: 
fk(d)ideal = (s − d). By “ideal,” we mean that no device 
is gripped such as would restrict the motions. However, in a 



touchscreen-input task, the index finger is on a surface oppo
site the surface where the thumb is, and the position of the 
CMC joint (the pivot) varies in three dimensions. Because 
the index-finger–thumb chain must travel around the edge of 
the screen (see Figure 5), the real k must be equal to or less 
than the ideal k (which is on a single surface). 

fk(d)ideal = (s − d) ≥ fk(d)real (3) 

Ideal ks were calculated for all of the data individually, in 
accordance with the participant’s finger span. These values 
were then utilized in fitting of a linear function (fk(d)real = 
akd+bk) to the difference between the ideal k and performed 
maximum value k: 

fk(d) = (s − d) − (akd + bk) (4) 
= s − d(1 + ak) − bk 

The coefficient values for the linear fit are ak = −0.257 and 
bk = 64.655, with a mean R2 = 0.931. Now the model 
fk(d) can be used for predicting the maximum value k of the 
thumb’s functional area for any d and s. 

MODEL FITNESS AND VALIDATION 
In this section, we present the final model, test its fitness, and 
estimate its prediction error with cross-validation. 

Adding the model of the maximum (fk(d) from Equation) 4 
to the quadratic model in Equation 2 gives us the final model 
for the functional area of the thumb: 

fy(x) = ay(x + h)2 + fk(d) 
(5) 

= ay(x + h)2 + s − d(1 + ak) − bk 

The goodness of fit of the final model was obtained by com
paring the predicted curves with the trajectories from the data. 
Both the trajectory data and the predicted curves were av
eraged over the participants in the nine distance (d) condi
tions. Averaging the model means simply utilizing the av
erage finger span (s = 189.7 mm). The error estimate for the 
individual-level predictions is given with the cross-validation. 

The model predictions (with a mean of s) for different dis
tances (d1 to d9) are illustrated in red in Figure 8. The fitness 
of the model with the average reaches for the nine distances 
is R2 = [0.936 0.981 0.980 0.949 0.968 0.991 0.956 0.867 
0.909], with a mean R2 of 0.949. 

Cross-validation and Error Estimation 
Leave-one-out cross-validation was used to estimate predic
tion error for new data. Cross-validation is a standard pro
cedure in machine learning to avoid overfitting and to assess 
generalizability to new instances. 

The model (Equation 5) was trained on n–1 (i.e., 19) observa
tions from the original sample of 160 trajectories and tested 
against the remaining, unseen sample. This was repeated such 
that each observation in the sample was used exactly once in 
the test data. 

The estimated R-squared values for the model for the nine 
distances (from d1 to d9) are R2 = [0.669 0.703 0.680 0.756 

0.730 0.750 0.678 0.550 0.602], with a mean R2 = 0.6799. 
The root mean squared error describing the estimated error 
of the model at the actual distance in millimeters (from first 
to ninth) are RMSE = [20.977 21.970 20.737 16.959 16.352 
13.499 11.545 11.640 10.538], with a mean RMSE of 16.024. 

A closer examination of the RMSE suggests that the esti
mated error is approximately equal to the width of a finger’s 
tip [8]. Such error can result from, for example, the touch
screen’s sensing properties or user strategies in touching the 
display with a different part of the thumb tip [12], and it can 
be considered negligible. 

APPLICATION EXAMPLES 
In this section, we demonstrate two example applications: 1) 
predicting the functional area of the thumb and 2) evaluating 
grip coverage. In the examples, we use the coefficients ob
tained above for Equation 5: ay = −0.013, h = −15.996, 
ak = −0.257, and bk = 64.655. 

Case 1: Functional Area Inferred from Grips 
In the first case, we consider the task of predicting the func
tional area when given assumptions about the users. This em
ulates the case wherein the designer knows the average hand 
size of the user and uses the model to estimate the functional 
area of a grip for a particular device. 

The protocol for this case is described in Table 1. Following 
this protocol, we provide two examples: a female user group 
with an oblique, one-handed grip on a smartphone and a user 
group of Oulasvirta et al. [24] with bimanual grip on a small 
tablet. 

Female Users of a Smartphone 
We consider a particular smartphone, the Nokia Lumia 900, 
which is 68.5 mm wide and 127.8 mm high. In line with Ta
ble 1, the first step is to determine the finger span. A female 
user has a finger span of s = 184.25 mm in this example2. 
Then we determine the grip. The grip in this example has the 
fingers extended on the opposing edge from the thumb, as if 
the user were reading the screen and firmly holding the de
vice with the palm and fingers bent around the sides (on the 
left in Step 2). However, because we will need the parame
ters for the extended fingers, we estimate d with the extended 
non-grasping index finger posture (on the right in Step 2). 
Step 3 then establishes the position of the hand. The origin 
(x0, y0), where the y-axis crosses the edge, is on the long side 
of the device and, thus, (width, height) = (127.8, 68.5). 
This point is 50 mm from the bottom corner, so the x-axis is 
limited by the edges of the device to [−50 77.8] (Step 3). In 
Step 4, the model is oriented according to the angle α between 
the index finger line and the edge of the device. In this exam
ple, α = 110◦. The distance of the index finger’s tip from the 
opposing edge is estimated from a grip wherein the index fin
ger would be straight and extended (as described for Step 2, 
right) and along the y-axis (Step 5). Here we use d = 80 mm. 
Finally, the model parameters are inserted in Equation 5, the 
model axis oriented according to α, and the results limited on 
the basis of the device dimensions (width, height). 
2The mean finger span of female participants in the study. 



Table 1. Protocol for estimating functional areas for a design case 
Step Task Example 
1 Obtain or estimate the fin

ger span of the target user 
group by measurement or 
by consulting anatomical ta
bles [7, 8]. 

2 Obtain information about the 
grip, via estimation, direct 
measurement, or consulting 
of statistics [15]. 

3 Obtain the origin (x0, y0) of 
the grip by the index finger 
line (y -axis). Also, set x-axis 
orthogonal to y -axis at the 
origin. 

4 If the hand is rotated, obtain 
or estimate α. 

5 Measure or estimate d for 
the grip. 

6 Insert parameters in Equa
tion 5, rotate (blue line il
lustrates α = 90◦ and red 
line α = 110◦), and plot the 
model output appropriately 
for the device. 

The figure accompanying Step 6 in Table 1 illustrates the out
come for this example in red (the model with α = 90◦ is 
shown in blue). We observe that, for example, the call but
ton cannot be reached with this user’s finger span without a 
change in grip. 

Users of a Tablet Device 
We obtained the hand-size data from Oulasvirta et al. [24] for 
comparison of the model-based predictions with their find
ings. The mean hand size in Oulasvirta et al.’s data is s = 
188 mm. Grip 1, which performed best in their grip study, 
is illustrated in their figures 2 and 3 [24]. Not all grip pa
rameters needed for the model are reported upon, but Grip 1 

Figure 9. Left: Two-handed grip from Oulasvirta et al.’s work [24] ana
lyzed with the model parameters. Right: The model’s prediction of the 
functional area. 

seems to be oriented at roughly 45◦ relative to the edge of the 
device, so we use α = 135◦. Moreover, we estimate that the 
origin is 30 mm from the bottom corner and set d to 80 mm. 
The model input and output are illustrated in Figure 9. 

Oulasvirta et al. [24] report that the width of the active region 
with this grip is 57.6 mm. Our model predicts this well: the 
function (Figure 9, left) crosses the bottom edge of the device 
at 57.9 mm. 

Case 2: Grip Coverage Inferred for a Layout 
The model can also be applied to the evaluation of interfaces. 
Here we give an example of grip coverage: the permissible 
grips assumed by positions of interface elements. Utilizing 
the model of the thumb’s functional area, we parameterize the 
grip by the index finger’s position on the back of the device. 
The larger the covered area, the better the layout supports in
teraction and allows changing one’s grip. The area could be 
weighted on the basis of a known frequency distribution for 
grips, but for the purposes of this example we treat all grips 
equally. 

Grip coverage refers to the combination of the areas that 
the function of the index-finger distance d covers on the 
back surface. The function of d in x is fd(x) (now the 
interface-element position y is fixed), and we obtain it from 
Equation 5: 

y = ay(x + h)2 + s − fd(x)(1 + ak) − bk 

ay(x + h)2 + s − bk − y (6)
fd(x) = 

(1 + ak) 

The area is now calculated simply as a combination of the 
areas under the functions of d evaluated from the four sides, 
in line with the procedure presented in Table 2. 

The Call Button of a Smartphone 
For the next example, we determine the grip coverage for the 
call button in the Nokia Lumia 900 default start menu. We 
follow the protocol in Table 2. The first step is to choose a fin
ger span for the model. In this example, we use s = 170 mm. 
In this model of device, the button chosen for evaluation (at 
the center when the device is held vertically) is (xpos, ypos) = 
(19.5 mm, 89.0 mm) (Step 2). In Step 3 (again, see Table 2), 
we start from the side (“bottom”) from which the item posi
tion is determined and proceed through all four sides, insert
ing the limits and item position on the basis of the viewing 
side. Finally, the combination of the plotted areas indicates 
all possible index-finger positions on the back. 



Table 2. Protocol for determining grips that can be used to interact with 
a given use-interface element 

Step Task Example 
1 Obtain or estimate the fin

ger span of the target user 
group. 

2 Obtain the element posi
tion (xpos, ypos) and device 
dimensions (width, height) 
such that the x-axis is 
scaled from x = 0 to x = 
width and y -axis from y = 0 
to y = height. Calculate the 
areas from four sides in the 
following. 

3 From the “top” and “bottom” 
edges, calculate the area 
from 0 to width: firstly, set 
x = width − xpos − x 
and d = ypos, and, sec
ondly, set x = xpos − x and 
d = height − ypos. From 
the “left” and “right” edges, 
calculate the area from 0 
to height: firstly, set x = 
ypos − x and d = xpos, and, 
secondly, set x = height − 
ypos − x and d = width − 
xpos. Finally, calculate the 
combined area. 

DISCUSSION 
The functional area of the thumb in the interface region has 
been important for designers, who have previously taken 
heuristic approaches (see Figure 1). Some of these heuris
tics are special cases of our model, but various of them make 
implausible assumptions. The first heuristic on the left in 
Figure 1 corresponds to a special case in which the screen 
is smaller or hand size is greater than in our sample. On 
the other hand, in the second heuristic, the grip seems sim
ilar to that in our example. However, our data show that the 
thumb could not have reached the opposite upper corner. The 
third and fourth heuristic make contradictory suggestions as 
to what the thumb can reach. We hold that the functional area 
of the thumb is too complex to be captured by such heuristics. 

We have proposed a novel mathematical model that predicts 
the functional area of the thumb on a touchscreen surface for 
given hand size, device dimensions, and grip. The model 
needs only one input parameter to describe the grip, the dis
tance of the index finger from the edge (d), and another for 
the hand size, (s), and it returns a parabola that describes the 
limit of the functional area. The model can inform the design 
of input interfaces operated with the thumb. 

The model can be used to address practical problems in in
terface design. Its application requires that the designer have 
some existing knowledge of, for example, statistics, or at least 
intuition about the probable dimensions of the device, grips, 
or interface layout. The model can then be used to 1) predict 
the functional area for a device and grip and 2) evaluate an 

interface layout for its grip coverage. Bimanual cases can be 
analyzed as well, if both hands are modeled separately. 

We have shown that, no matter its simple form, the modeling 
approach can yield a high fit, with trajectories collected from 
20 participants. We could predict the reachable area of a grip 
reported upon in a previous study [24]. Cross-validation sug
gested an error related to fingertip size [8]. The prediction ac
curacy achieved is sufficient for interfaces with medium-sized 
and large elements, but more work is needed to cover smaller 
elements, especially close to the limits of the functional area. 

The model assumes that the fingers at the back are extended. 
Our casual observation is that this is often the case, and a 
power grip is needed for a firm hold, especially when the user 
is walking. We note also that a possible source of error exists 
in the adduction/abduction of the fingers at the back. How
ever, when those fingers are kept together and the MCP joint 
of the index finger flexed, as is often seen in holding of a mo
bile device, there is virtually no adduction/abduction. 

The model should also be improved to deal with devices with 
different form factors. At present, the model can take into 
account thickness: for a “chunky” device, the d parameter 
can be increased in line with the thickness of the device. For 
example, with an index-finger distance of 30 mm and device 
thickness of 60 mm, the input to the model can be approx
imated to d = 90 mm. However, the joint angles introduce 
complexity to this scaling, and user data must be collected to 
verify the approximation. While rounded corners of devices 
are not dealt with, corner grips can be estimated through ro
tation of the axes in the manner illustrated here. 

Although the results support the potential of this modeling 
approach, more work is needed, to validate it further. We 
plan to collect a larger sample, with a broader distribution of 
device form factors, to adjust the model’s constant coefficient 
values. 

ACKNOWLEDGMENTS 
A modeling tool will be released for practitioners on the 
project’s Web site. This work was supported by the Helsinki 
Doctoral Programme in Computer Science - Advanced Com
puting and Intelligent Systems, Max Planck Center for Visual 
Computing and Communication and by the Cluster of Excel
lence on Multimodal Computing and Interaction at Saarland 
University. 

REFERENCES 
1. Azenkot, S., Wobbrock, J. O., Prasain, S., and Ladner, 

R. E. Input finger detection for nonvisual touch screen 
text entry in Perkinput. In Proc. GI ’12, Canadian 
Information Processing Society (2012), 121–129. 

2. Azenkot, S., and Zhai, S. Touch behavior with different 
postures on soft smartphone keyboards. In Proc. 
MobileHCI ’12, ACM (2012), 251–260. 

3. Bergstrom-Lehtovirta, J., Oulasvirta, A., and Brewster, 
S. The effects of walking speed on target acquisition on 
a touchscreen interface. In Proc. MobileHCI ’11, ACM 
(2011), 143–146. 



4. Cheng, L.-P., Liang, H.-S., Wu, C.-Y., and Chen, M. Y. 
iGrasp: Grasp-based adaptive keyboard for mobile 
devices. In Proc. CHI ’13, ACM (2013), 3037–3046. 

5. Clark, J. Designing for touch (section “Rule of thumb”). 
http: 
//www.netmagazine.com/features/designing-touch. 

6. Curtis, D. 3.5 inches.
 
http://dcurt.is/3-point-5-inches.
 

7. Department of Defense, Human Factors Engineering 
Technical Advisory Group. Human engineering design 
data digest. http: 
//www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA467401. 

8. Garrett, J. W. The adult human hand: Some
 
anthropometric and biomechanical considerations.
 
Human Factors: The Journal of the Human Factors and 
Ergonomics Society 13, 2 (1971), 117–131. 

9. Goel, M., Jansen, A., Mandel, T., Patel, S. N., and 
Wobbrock, J. O. ContextType: Using hand posture 
information to improve mobile touch screen text entry. 
In Proc. CHI ’13, ACM (2013), 2795–2798. 

10. Goel, M., Wobbrock, J., and Patel, S. GripSense: Using 
built-in sensors to detect hand posture and pressure on 
commodity mobile phones. In Proc. UIST ’12, ACM 
(2012), 545–554. 

11. Guiard, Y. Asymmetric division of labor in human 
skilled bimanual action: The kinematic chain as a 
model. Journal of Motor Behavior 19 (1987), 486–517. 

12. Holz, C., and Baudisch, P. Understanding touch. In 
Proc. CHI ’11, ACM (2011), 2501–2510. 

13. Hoober, S. How do users really hold mobile devices? 
http://www.uxmatters.com/mt/archives/2013/02/ 
how-do-users-really-hold-mobile-devices.php. 

14. Jones, L. A., and Lederman, S. J. Human Hand 
Function. Oxford University Press, 2006. 

15. Karlson, A., Bederson, B., and Contreras-Vidal, J. 
Understanding single-handed mobile device interaction. 
Handbook of research on user interface design and 
evaluation for mobile technology (2006), 86–101. 

16. Kim, K.-E., Chang, W., Cho, S.-J., Shim, J., Lee, H., 
Park, J., Lee, Y., and Kim, S. Hand grip pattern 
recognition for mobile user interfaces. In Proc. AAAI 
’06, vol. 21 (2006), 1789–1794. 

17. Kuo, L.-C., Chiu, H.-Y., Chang, C.-W., Hsu, H.-Y., and 
Sun, Y.-N. Functional workspace for precision 
manipulation between thumb and fingers in normal 
hands. Journal of Electromyography and Kinesiology 
19, 5 (2009), 829–839. 

18. Li, Z.-M., and Tang, J. Coordination of thumb joints 
during opposition. Journal of Biomechanics 40, 3 
(2007), 502–510. 

19. Napier, J. R. The prehensile movements of the human 
hand. Journal of Bone and Joint Surgery 38, 4 (1956), 
902–913. 

20. Neumann, D. Kinesiology of the Musculoskeletal 
System: Foundations for Rehabilitation. Mosby 
Elsevier, 2010. 

21. Ng, A., Brewster, S. A., and Williamson, J. The impact 
of encumbrance on mobile interactions. In Proc. 
INTERACT 2013, Springer (2013), 92–109. 

22. Odell, D., and Chandrasekaran, V. Enabling comfortable 
thumb interaction in tablet computers: A windows 8 
case study. In Proc. HFES ’12, vol. 56, SAGE 
Publications (2012), 1907–1911. 

23. Oulasvirta, A., and Bergstrom-Lehtovirta, J. Ease of 
juggling: Studying the effects of manual multitasking. In 
Proc. CHI ’11, ACM (2011), 3103–3112. 

24. Oulasvirta, A., Reichel, A., Li, W., Zhang, Y., 
Bachynskyi, M., Vertanen, K., and Kristensson, P. O. 
Improving two-thumb text entry on touchscreen devices. 
In Proc. CHI ’13, ACM (2013), 2765–2774. 

25. Parhi, P., Karlson, A. K., and Bederson, B. B. Target size 
study for one-handed thumb use on small touchscreen 
devices. In Proc. MobileHCI ’06, ACM (2006), 
203–210. 

26. Park, Y. S., and Han, S. H. Touch key design for 
one-handed thumb interaction with a mobile phone: 
Effects of touch key size and touch key location. 
International Journal of Industrial Ergonomics 40, 1 
(2010), 68–76. 

27. Taylor, B. T., and Bove, V. M. The bar of soap: A grasp 
recognition system implemented in a multi-functional 
handheld device. In CHI ’08 Extended Abstracts, ACM 
(2008), 3459–3464. 

28. Trudeau, M. B., Young, J. G., Jindrich, D. L., and 
Dennerlein, J. T. Thumb motor performance varies with 
thumb and wrist posture during single-handed mobile 
phone use. Journal of Biomechanics 45 (2012), 
2349–2354. 

29. Wagner, J., Huot, S., and Mackay, W. BiTouch and 
BiPad: Designing bimanual interaction for hand-held 
tablets. In Proc. CHI ’12, ACM (2012), 2317–2326. 

30. Wroblewski, L. Responsive navigation: Optimizing for 
touch across devices. 
http://www.lukew.com/ff/entry.asp?1649. 

31. Yin, Y., Ouyang, T. Y., Partridge, K., and Zhai, S. 
Making touchscreen keyboards adaptive to keys, hand 
postures, and individuals – a hierarchical spatial backoff 
model approach. In Proc. CHI ’13, ACM (2013), 
2775–2784. 

http://www.netmagazine.com/features/designing-touch
http://www.netmagazine.com/features/designing-touch
http://dcurt.is/3-point-5-inches
http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA467401
http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA467401
http://www.uxmatters.com/mt/archives/2013/02/how-do-users-really-hold-mobile-devices.php
http://www.uxmatters.com/mt/archives/2013/02/how-do-users-really-hold-mobile-devices.php
http://www.lukew.com/ff/entry.asp?1649

	Introduction
	Previous Work
	Kinesiology and Biomechanics
	Human–Computer Interaction

	Background: Anatomical Constraints to Thumb Motion
	The Kinematic Chain, Linking Thumb and Index Finger
	Parabolic Motion Trajectory on a Surface

	Overview of the Model
	Index-Finger Distance d
	Hand Size s
	Hand Orientation 
	The Quadratic Model

	Data Collection
	Participants
	Apparatus
	Experiment Design
	Task and Procedure

	Parameter Estimation
	The Quadratic Form of the Functional Area
	Normalization with Finger Span (s)
	Functions fay(d), fh(d), and fk(d)
	Coefficient Function fk(d)


	Model Fitness and Validation
	Cross-validation and Error Estimation

	Application Examples
	Case 1: Functional Area Inferred from Grips
	Female Users of a Smartphone
	Users of a Tablet Device

	Case 2: Grip Coverage Inferred for a Layout
	The Call Button of a Smartphone


	Discussion
	Acknowledgments
	REFERENCES 



