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Figure 1: With Squeezy-Feely, we investigate the potential of lateral thumb-index pinching as an input modality, applicable 
in many scenarios ranging from ubiquitous appliances (A) and mid-air Mixed Reality (B) to deformable surfaces (C). 

ABSTRACT 
From zooming on smartphones and mid-air gestures to deformable 
user interfaces, thumb-index pinching grips are used in many in-
teraction techniques. However, there is still a lack of systematic 
understanding of how the accuracy and efciency of such grips are 
afected by various factors such as counterforce, grip span, and grip 
direction. Therefore, in this paper, we contribute an evaluation (N 
= 18) of thumb-index pinching performance in a visual targeting 
task using scales up to 75 items. As part of our fndings, we con-
clude that the pinching interaction between the thumb and index 
fnger is a promising modality also for one-dimensional input on 
higher scales. Furthermore, we discuss and outline implications for 
future user interfaces that beneft from pinching as an additional 
and complementary interaction modality. 

CCS CONCEPTS 
• Human-centered computing → Human computer interac-
tion (HCI); User studies. 
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1 INTRODUCTION 
From squeezing pliers to holding a key: the human hand has evolved 
a considerable dexterity for powerful and precise grips. These range 
from power grips, most suitable for achieving a frm bond between 
hand and object, to precision grips, evolved to allow for fne-grained 
and complex manipulations and deformations of objects [17]. Such 
sophistication ofers vast potential for use in interactive systems 
(see Figure 1), in particular as it combines the complexity of motion 
with proprioceptive and in many cases also tactile feedback. 

Research has started to explore grips, ranging from thumb-to-

fnger [28, 59] or mid-air [6, 71] interactions to the deformation of 
objects [52, 58, 69] or interactive surfaces [51, 61]. In particular, the 
pinching grip between the thumb and index fnger has become par-
ticularly widespread, ranging from the pinch-to-zoom gestures on 
touch-enabled devices [35, 74] to the pinch-to-tap mid-air gesture 
employed in Mixed Reality [47, 70]. While pinching is a promising 
modality, research still lacks a fundamental understanding of the 
key factors for human performance for varying spans and directions 
of grip, and objects with diferent rigidity, exerting a counterforce. 

Therefore, this paper contributes an investigation of the human 
capabilities for lateral pinching between the thumb and side of the 
pulp of the index fnger, one of the most commonly used precision 
grips [16]. The contributions of this paper are two-fold: First, we 
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contribute the results of a controlled experiment with 18 partici-
pants, which examines human capabilities to control the distance 
between the thumb and index fnger for varying counterforces, 
initial grip spans, and direction of grip on diferent scales in a visual 
target acquisition and selection task. Second, based on the results of 
the experiment, we provide implications for designing future pinch-
able user interfaces that utilize lateral pinching as a complementary 
interaction modality. 

2 RELATED WORK 
This paper is situated in the areas of hand-grip performance, defor-
mation interaction, and thumb-to-fnger pinching interaction. 

2.1 Hand-Grip Performance 
The hand can perform various grips that have been classifed by 
research in diferent taxonomies [17, 41]. According to Feix et al. 
[17], grips can be grouped into power, intermediate, and precision 
grips and difer whether the thumb is abducted or adducted. Be-
longing to one of the most commonly used grips [16], we focus on 
the lateral pinch, a grip performed with the thumb and the lateral 
side of the index fnger (e.g. holding a key). In Feix’ taxonomy, this 
grip is categorized as intermediate in terms of force [17] and is 
most suited for lightweight objects (median mass 150 g [16]) with 
the most suited rigidity between rigid (withstands full grip force) 
and foppy (deforms heavily). 

Moreover, research in physiology has investigated the biome-

chanical properties of hand grips, such as the maximum voluntary 
force [60] and the maximal grip span [56] in detail: 

First, the maximal voluntary force is an important measure not 
only in the context of this paper but also in physiotherapy and 
medicine, often consulted to evaluate the rehabilitation of sub-
jects. It depends on the specifc grip [15] and is also infuenced by 
the surface texture, signifcantly decreasing for low-friction paper 
compared to high-friction rubber, as shown by Na Jin Seo [55]. 
Interestingly, Stegink Jansen et al. have investigated whether the 
maximum voluntary strength performed for the lateral pinch is 
infuenced by the posture of the forearm [60]. While they did not 
conclude on a defnitive efect, they recommend varying the fore-
arm position. In consequence, we vary the direction in which the 
pinch is performed to study whether it is an infuencing factor for 
pinching accuracy, efciency, or user experience. 

Second, the maximal grip span is an important measure and is 
defned as the maximum distance between the distal phalanxes of 
the thumb and index fnger. Obviously, this measure depends on 
the individual hand size, but its mean for adults, according to de La 
Fuente and Bix [12], is 104.17 mm (σ = 13.90 mm). 

Third, grasping performance has been studied, for instance, by 
Martin-Brevet et al. [36]. They investigate grasping and unloading 
forces exerted on the faces of a parallelepiped object to confrm that 
an uninstrumented object is suited for complex motion behavior. 

While previous works consider the force and grip span, they do 
not cover how precise humans can adjust their span on-demand 
for varying counterforce and span, and direction of the grip. 

2.2 Deformation Interaction 
Research has started to explore deformations as an engaging and 
powerful input modality: One stream investigates deformation in-
put as a supplement to touch input on interactive surfaces and 
objects. This ranges from applying pressure at specifc points [18, 
29, 34, 38, 50, 51] to various other deformations, such as stretch-
ing [22, 62, 81], squeezing [25, 69, 72], pinching [65], or variation of 
the entire shape of an object [30, 80]. More complex deformations 
of interactive surfaces utilize optical tracking systems [31, 32, 49] 
or depth cameras [61, 64] in the environment to sense deformations 
such as folding [31, 49, 64], rolling [32], or bending [33, 61]. 

Moreover, fexible textiles [45, 46] or interactive objects can be de-
formed for input by embedding sensors [38, 44, 63, 67, 69, 72] or us-
ing optical sensing [19, 26, 48, 61, 62, 73]. Diferent approaches also 
employ capacitive [42], resistive [3, 20, 58], or piezoelectric [50, 51] 
sensing. Sensing of complex deformations is often achieved us-
ing tape [5, 77], plastic [9], silicone [57, 58, 82], printed materi-

als [52, 68], or foils [50, 51]. 
This paper, in contrast, specifcally focuses on pinching and aims 

to provide implications that can guide the exploration of pinching 
as an additional deformation interaction. 

2.3 Thumb-to-Finger & Pinching Interaction 
Research has started to investigate pinch gestures several decades 
ago, for instance, to scale objects [35], to support panning [74], and 
to move objects [75, 76]. Especially on interactive surfaces, they 
have gained a lot of attention due to the popularity of the iPhone, 
one of the frsts smartphones utilizing the pinch-to-zoom concept. 
Since then, research has investigated pinching of synthetic skin 
interfaces [65], for navigation [24], with two hands [40], on two-
sided surfaces [79], and of textiles [23]. Further, Avery et al. [2] 
propose techniques to improve pinch-to-zoom to reduce clutching 
and panning. In the context of interactive surfaces, research has 
also started to study the performance of pinch gestures on multi-

touch surfaces [27, 66]. While Tran et al. [66] compare varying 
types of gestures, Hoggan et al. [27] further investigate between-
fnger distances, as well as diferent angles and positions on the 2D 
surface. 

Another important domain of pinching interactions are mid-air 
gestures. In this context, pinching has been explored, for instance, 
for freehand interfaces [6, 71], using a handheld device [54], as a 
selection method [47, 70], and to avoid the Midas touch problem [8]. 

In addition, research has further explored the human palm for 
body-centric interaction [13, 37] and thumb-to-fnger micro ges-
tures [28, 59] that utilize the dexterity of fnger motions. While 
Choi et al. [10] contribute a wearable haptic interface that simu-

lates weight and grasping that can actively generate a counterforce 
between thumb and index fnger, they do not investigate the human 
capabilities for linear input while performing a lateral pinch. 

In contrast to previous works that focus on a specifc domain, 
this paper aims at a more generalized investigation on pinching 
performance that provides insights that apply to a wide variety of 
contexts, such as touch surfaces and mid-air gestures. 
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Figure 2: The fve independent variables varied in the controlled experiment: the initial span of the object between the thumb 
and index fnger, its counterforce, the user’s direction, the granularity of the scale and the relative target position on 
the respective scale. 

3 METHODOLOGY 
We performed a controlled experiment based on the mechanics of 
fnger movement that investigates the accuracy, efciency, and user 
experience of lateral pinching as an input modality for pinchable 
user interfaces. We defned the following research questions: 

RQ1 How does the span and counterforce of the object in hand 
and the direction of the holding hand afect the accuracy, 
efciency, and user experience of visual targeting? 

RQ2 How does the granularity of the presented scale and the loca-
tion of the target infuence the accuracy, efciency, and user 
experience? 

RQ3 How does the span, counterforce, direction, and scale infuence 
the human ability to steadily hold a certain level of pinching? 

3.1 Task 
Analogous to Fruchard et al. [18], we employ a visual target acqui-
sition and selection task as follows: Participants interacted with 
the system by pinching an object between their thumb and index 
fnger. That is, they reduce the distance between their thumb and 
the index fnger (and thus increase the force applied) to increase 
the input value. We visualized this distance on a nearby display as 
a highlighted cell on a linear scale of cells (see Figure 2). 

In more detail, participants start with a pre-set maximal distance 
of their fngers, implied by the size of the object in hand. Their frst 
task was to vary their fnger’s distance to move the highlighted 
cell to a target cell, displayed by the system. They confrm the 

beginning and the end of each trial with a clicker in their non-
dominant hand. After confrming completion, their second task 
was to steadily hold the fnal posture for three seconds without 
additional visual feedback. 

3.2 Design 
3.2.1 Independent Variables. To gain a comprehensive understand-
ing of the potential factors that infuence the accuracy, efciency, 
and user experience of pinchable user interfaces, we varied the 
following fve independent variables, as illustrated in Figure 2: 

span The initial grip span infuences the physical distance on 
which a pinching interaction is performed. It is, thus, a 
promising factor to investigate. We grounded our levels in 
the mechanics of the human hand: As the mean grip span 
between the thumb and the index fnger’s distal phalanx of 
adults is 104.17 mm (σ = 13.90 mm) [12], we vary our levels 
of span as equidistant percentages of the mean grip span: 
big (90% or 93 mm), medium (60% or 62 mm), and small 
(30% or 31 mm). We opted for 90% instead of 100% of the 
maximal grip span to also accommodate participants with 
smaller grip spans and avoid hyperextension. Based on pre-
tests, we decided on a minimum of 30% (i.e. only 31 mm) to 
provide a workable pinch distance and chose 60% to obtain 
an equidistant third level. 

counterforce We assume that the counterforce, i.e. the repelling 
force exerted by an object or other means, is a relevant fac-
tor for lateral pinching. Therefore, we vary the counterforce 
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Figure 3: Using an optical tracking system (A), we track the variation in distance as a measure for the applied force with a 
spring-based mechanism: We vary the counterforce and span by adding multiple springs only in series, only in parallel or 
both (B, C, D). In case of no counterforce, the distance is measured at the fngertips (E). 

required to pinch in our experiment. We derive our levels 
based on the mean maximum voluntary force for lateral 
pinching of 87.16 N (mean of men and women, right hand, 
σ = 19.3 N), as reported by Stegink Jansen et al. [60]. We 
vary the counterforce as equidistant percentages of this 
force: hard (60% or 52.3 N), soft (30% or 26.15 N), and none 
(0% or 0 N). As the maximum voluntary force is the abso-
lute limit and is not intended for sustained repetitions, we 
conducted a pre-test where we asked to maximize force to 
a still comfortable limit. In consequence, we chose a maxi-

mum value of 60% of the maximum voluntary force to avoid 
exhausting participants during the study We consider this to 
yield more feasible results than using maximum force values. 
In addition, we added a 0% level, i.e. pinching in air, as it 
promises to give insights into the performance of commonly 
used mid-air pinch gestures, one of the most widely used 
types of pinching input. 

direction Stegink Jansen et al. [60] conclude that the forearm po-
sition should be varied to measure strength for lateral pinch-
ing. As a consequence, we additionally vary the direction of 
the grip (relative to the user) with the following levels: left-
to-right (i.e. thumb left, index fnger right for right-handed 
participants, vice versa for left-handed), top-to-bottom (i.e. 
thumb bottom, index fnger top), front-to-rear (i.e. thumb 
front, index fnger back). 

scale We varied the subdivision of the interaction scale between 
25, 50, and 75 cells (named 25-scale, 50-scale, and 75-scale). 
We selected these levels based on informal pilot testing be-
cause they promised a good variance of easier and more 
difcult scales for participants, allowing us to investigate 
human performance on a broader range. 

target Analogous to previous research (cf. [18]), we vary difer-
ent equidistant levels of target locations (10%, 50%, and 90%) 
that defne the corresponding cell of the respective scale the 
participant has to hit. In case of exactly hitting the boundary 

between cells of a scale, we consistently chose the cell to the 
right of the target location. 

We varied all fve independent variables in a repeated measures 
design, resulting in a total of 3×3×3×3×3 = 243 conditions which 
equals the individual trials per participant. We counterbalanced the 
order of counterforce × span in a Balanced Latin Square (3 × 3 = 
9 levels, repeated twice for 18 participants) to prevent learning 
efects. We excluded the other factors from the Balanced Latin 
square to avoid constantly changing the object (as the combination 
of counterforce × span forms one specifc object in hand) and to 
query one questionnaire per object. To avoid frequent changes of 
the grip direction that could confuse participants, we then split the 
randomization of direction, scale, and target as follows: For 
each instance of counterforce × span, we randomized the order 
of direction. We then randomized the order of scale × target 
(3 × 3 = 9) for each of the three levels of direction individually to 
further reduce learning efects. 

3.2.2 Dependent Variables. We recorded the following dependent 
variables for each trial: 

crossings The sum of completely overshooting (from below) and 
undershooting (from above) the target cell. 

task completion time The time between click to display the task 
and click to complete. 

accuracy Whether the correct cell was selected when clicking. 
jitter The range of variation in grip span while holding as steady 

as possible for three seconds after confrming completion. 

To assess the user experience, the participants also answered a 
short post-block questionnaire after each combination of counter-
force, span, and direction (3 × 3 × 3 = 27 times per participant), 
consisting of the following statements (on a 5-point Likert scale): 

convenience Interacting with the system felt convenient. 
physical demand Interacting with the system was physically de-

manding. 
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After participants fnished all trials, they flled out a post-experiment 
questionnaire that consisted of the following statements: 

counterforce rank Ranking of counterforce (best to worst). 
span rank Ranking of span (best to worst). 
qualitative feedback Any additional remarks. 

3.3 Study Setup & Apparatus 
As we aim to provide a reliable estimate for future pinchable user 
interfaces, we decided to track the distance between fngers with 
an accurate and reliable optical tracking system (OptiTrack with 
200 fps) instead of force sensors. In our small measurement range, 
this system has errors of less than 0.1 mm [1, 43]. This is espe-
cially important as the cell width in the extreme case (highest scale 
combined with the smallest span) is only 0.41 mm (= 1/75 ∗ 31 mm). 

We mounted fve cameras at a table in a narrow spherical pat-
tern and equipped the participant and objects to pinch with retro-
refective spherical markers (see Figure 3A). In the cases where the 
counterforce was none, we tightly attached the markers to the 
participant’s fngertips using Velcro tape (see Figure 3E). Since the 
span was varied in this case too, participants frst held a piece of 
cardboard of the respective size at the beginning to defne their 
initial grip span. In all other conditions, the markers were rigidly 
connected to the object through 3D-printed extensions and the ob-
ject itself defned the initial grip span. We decided against attaching 
the markers in these conditions to the fngers because the object in 
hand might occlude markers at the fngers for optical tracking. 

The task and instructions were displayed on a separate moni-

tor. Participants started and confrmed each trial with a Bluetooth 
clicker. Before changing direction, they answered the question-
naire on a separate tablet next to the interaction area. 

3.3.1 Pinch Mechanism. We ensured that the required force to fully 
compress the object (i.e. its counterforce) is equal throughout 
varying span. To that end, we developed a spring-based pinchable 
mechanism (see Figure 3B-D): It consists of two triangular plates 
(edge length 7 cm) that have a fnger-shaped indentation to achieve 
a uniform compression point across all participants. The lower plate 
is frmly connected to three guide rods (Ø = 10 mm). The upper 
plate can move freely and smoothly along the guide rods with the 
help of oiled metal sleeves. 

To vary the counterforce and span independently, varying 
numbers of the same linear spring (spring constant 1.12 N/mm, 
length 30 mm, compressible length 23.25 mm, inner diameter 11.3 mm, 
1.39 g) are placed around one or two guide rods as follows: 

(1) Using only a single spring of length 30 mm (plus 1 mm 
for the triangular plates), as depicted in Figure 3D, we cre-
ate the combination span<small> (31 mm) and counter-
force<soft> (26.15 N) because the force required to com-

press a single spring over its compressible length (23.25 mm) 
is equal to 26.15 N (= 23.25 mm ∗ 1.12 N /mm). 

(2) Using two springs in parallel, each at one guide rod, we 
achieve the combination span<small> (31 mm) and hard 
(52.3 N) because two springs double the required force to 
52.3 N (= 23.25 mm ∗ (1.12 + 1.12) N /mm) as the spring 
constants k add up by k + k . 

(3) Using two springs in series on a single guide rod (see Fig-
ure 3C), we increase the span to the medium level. That is, 

the length is doubled to 60 mm (plus 1 mm for the triangular 
plates and 1 mm for a separation disk between springs). At 
the same time, the force required to fully compress both 
strings remains the same as the same spring constants k add 
up by (1/k + 1/k)−1 = k/2 but the length is doubled (i.e. 
2 ∗ 23.25 mm ∗ 1.12/2 N /mm), efectively canceling out the 
doubling in length with half of the spring constant. This re-
sults in the same force required to fully compress the larger 
object than for the smaller object, and, thus, only varies the 
span of the object but not its counterforce. 

Following this scheme, varying levels of counterforce and 
span are created by combining springs in parallel (varies the force) 
and series (varies the span). For instance, the most complex hard 
and big object (see Figure 3B) consists of six springs: three springs 
in a row (tripling length, but splitting force into thirds) at each of 
the two guide rods, which are parallel to each other. In total, this 
mechanism weights approx. 130 g (well below the median mass of 
150 g, suited for lateral pinch as reported by Feix et al. [16]). 

3.4 Procedure 
After welcoming the participants, we introduced them to the ex-
periment, asked them to fll out a consent form, and name their 
dominant hand. To avoid learning efects, we then asked the par-
ticipants to freely explore the system by pinching one of the study 
objects with their dominant hand while watching the task visualiza-
tion on the screen. Participants performed the study standing at a 
counter on which the elbow had to be placed. The experimenter en-
sured that the remaining fngers were adducted (an unconstrained 
posture may confound the results due to varying force [60]). 

After the exploration phase, we started the system and gave 
the participant the frst object (i.e. the frst combination of coun-
terforce × span) to pinch. Participants then started each trial by 
clicking and following the instructions displayed on the screen. 
After the click, the system highlighted the target on the screen. 
The participants varied their fnger’s distance according to the task 
and confrmed using the clicker in their non-dominant hand. After 
confrmation, the system started a countdown for three seconds 
and informed the participant to hold their hand as still as possible. 
After completing the countdown, the system told the participant to 
release the force to the start position before they were able to start 
the next trial. Once ready again, the participants started the next 
task using the clicker. Before switching to a diferent direction, 
participants flled out the questionnaire. After all trials, participants 
flled out the fnal and a demographics questionnaire. 

We instructed the participants to focus on accuracy instead of 
the speed. If a target was impossible to reach, participants were 
instructed to try as best as they could and confrm. Participants 
were free to have a break between trials. Each experiment took on 
average 84 minutes (σ = 15 minutes). We conducted the experiment 
in a room of our institute’s building and complied with all relevant 
hygiene and infection control guidelines. 

3.5 Participants 
We recruited 18 participants (11 male, 7 female, 0 identifed as 
gender variant/non-conforming), aged between 21 and 33 (µ = 
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25.44, σ = 3.1). 16 of the participants reported being right-handed 
and 2 left-handed. All participants voluntarily took part in the study. 

3.6 Analysis 
Unless indicated otherwise, we analyzed the recorded data using 
fve-way repeated-measures (RM) ANOVAs with the factors span, 
counterforce, direction, scale, and target as the factors to 
uncover signifcant efects. We tested the data for normality using 
Shapiro-Wilk’s test without any signifcant deviations. When the 
RM ANOVA indicated signifcant results, we used Bonferroni cor-
rected pairwise t-tests for post-hoc analysis. We also report the 
generalized eta-squared ηG 

2 
as an estimate of the efect size and 

classify it based on Cohen’s suggestions as small (> .0099), medium 
(> .0588), or large (> .1379) [11] as proposed by Bakeman [4]. 
Further, as an estimate of the mean response of the individual fac-
tors, we report the Estimated Marginal Means with 95% confdence 
intervals as proposed by Searle et al. [53] (denoted as µE in the 
following). For the analysis of the Likert questionnaires, we per-
formed an Aligned Rank Transformation as proposed by Elkin et 
al. [14] and Wobbrock et al. [78]. 

4 RESULTS 
In the following section, we report our results as described in the 
previous section. 

4.1 Accuracy 
As an accuracy measure, we recorded a trial as correct when the 
participant selected the target cell when confrming completion. 
To predict binomial correct, we employ a logistic mixed model 
(estimated with ML and BOBYQA optimizer) with the fxed efects 
span, counterforce, scale, and direction. We excluded target 
as modeling it as a fxed factor decreased the model performance 
(AICX vs. AIC with target), implying a neglectable infuence on 

the performance. The model included the participant as a random 
efect. The model’s total explanatory power is substantial (cond. 
R2 = 0.27) and the part related to the fxed efects alone (marginal 
R2) is 0.17. We compute the 95% confdence intervals (CIs) and p-
values using the Wald approximation. We report the semi-partial 
(marginal) R2 

(with CI) for each fxed efect using the approach sp
proposed by Nakagawa and Schielzeth [39], because it characterizes 
the variance that is explained by each fxed efect after adjusting 
for the other predictors in the model. 

As shown in Figure 4, we observed accuracies ranging from 50% 
(σ = 5.56%) for <small, none, top-to-bottom, 75-scale> to 100% 
(σ = 0%) for <big, soft, top-to-bottom, 25-scale> and also for 
<big, soft, left-to-right, 25-scale>. This indicates that certain 
combinations of factors have the potential for very high accuracy. 
In the following, we discuss the efect of factors and interactions. 

direction. The analysis showed a signifcant (χ2(2) = 18.72, 
p < .001, R2 

= 0.002 [0.001, 0.006]) main efect of direction.sp
Post-hoc tests confrmed a signifcant (p<.001) diference between 
left-to-right (µE = 86.5% [82.6%, 89.6%]) and top-to-bottom 
(µE = 81% [76.1%, 85.1%]). 

counterforce. The analysis showed a signifcant (χ2(2) = 43.54, 
p < .001, R2 

= 0.024 [0.016, 0.034]) main efect of counterforce.sp
Post-hoc tests confrmed signifcant (both p<.001) diferences be-
tween none (µE = 71.7% [64.6%, 78%]) and both soft (µE = 89.9% 
[86.2%, 92.8%]) and hard (µE = 86.3% [81.7%, 89.9%]). 

scale. The analysis showed a signifcant (χ2(2) = 119.3, p < 
.001, R2 

= 0.02 [0.013, 0.029]) main efect of scale. Post-hoc tests sp
confrmed signifcant (all p<.001) diferences between all levels of 
scale: Unsurprisingly, 25-scale performed best (µE = 90.9% [87.9%, 
93.1%]) compared to 50-scale (µE = 82% [77.3%, 85.9%]) and 75-
scale (µE = 75.9% [70.3%, 80.8%]). 
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Figure 5: The task completion time per scale and span, grouped by column-wise counterforce and row-wise direction. 
Error bars show the standard error. 

span. The analysis showed a signifcant (χ2(2) = 70.581, p < 
.001, R2 

= 0.014 [0.008, 0.022]) main efect of span. Post-hoc tests sp
confrmed signifcant (all p<.001) diferences between all levels of 
span: big performed best (µE = 89.5% [86.2%, 92.1%]) compared to 
medium (µE = 83.9% [79.5%, 87.5%]) and small (µE = 76.3% [70.7%, 
81.1%]). 

span:direction. The analysis showed a signifcant (χ2(4) = 13, 
p < .05, R2 

= 0.002 [0.001, 0.007]) interaction efect between span sp 
and direction. Post-hoc tests confrmed a more pronounced spread 
of correct for direction<top-to-bottom>: While the accuracy was 
comparable between front-to-rear (µE = 80.68% [74.76%, 85.49%] 
for small, µE = 82.7% [77.12%, 87.15%] for medium, µE = 87.71% 
[83.13%, 91.19%] for big) and left-to-right (µE = 78.15% [71.82%, 
83.38%] for small, µE = 87.59% [83.02%, 91.07%] for medium, 
µE = 91.25% [87.57%, 93.92%] for big), we found a more pronounced 
diference (all p<.01) for top-to-bottom (µE = 69.03% [61.63%, 
75.56%] for small, µE = 80.64% [74.69%, 85.46%] for medium, 
µE = 80.64% [74.69%, 85.46%] for big). 

span:counterforce. The analysis showed a signifcant (χ2(4) = 
15.71, p < .01, R2 

= 0.002 [0.001, 0.006]) interaction efect between sp 
span and counterforce. Post-hoc tests confrmed a more pro-
nounced spread of correct for counterforce<soft>: While the ac-
curacy was comparable between none (µE = 80.68% [74.76%, 85.49%] 
for small, µE = 82.7% [77.12%, 87.15%] for medium, µE = 87.71% 
[83.13%, 91.19%] for big), it was signifcantly (p<.05, p<.001) dif-
ferent for soft (µE = 82.03% [75.53%, 87.1%] for small, µE = 89.5% 
[84.84%, 92.85%] for medium, µE = 94.81% [91.88%, 96.73%] for big). 

The analysis revealed no further interaction efects. 

4.2 Task Completion Time 
To measure the efciency of participants, we recorded the task 
completion time (TCT) as the time between clicking to start and 
confrming to end a trial. As shown in Figure 5, we found values 

ranging from µ = 2.24s , σ = 0.77s (<big, soft, left-to-right, 
25-scale, 10%>) to µ = 14.29s , σ = 23.72s (<small, soft, front-
to-rear, 75-scale, 50%>). 

direction. The analysis showed a signifcant (F2,34 = 8.90, p < 
.001, η2 = 0.01) main efect of direction with a small efect size. G
Post-hoc tests confrmed (p<.001) rising TCTs from left-to-right 
(µE = 5.12s [4.37s, 5.88s]) to top-to-bottom (µE = 6.30s [5.55s, 
7.05s]). 

counterforce. The analysis showed a signifcant (F2,34 = 3.34, 
p < .05, η2 = 0.00) main efect of counterforce with a smallG
efect size. Post-hoc tests did not confrm signifcance between 
individual levels. 

scale. The analysis showed a signifcant (F2,34 = 71.39, p < .001, 
η2 = 0.06) main efect of scale with a medium efect size. Post-hoc G
tests confrmed (all p<.001) varying TCTs for all contrasts, rising 
with the number of cells: 25-scale (µE = 4.23s [3.49s, 4.96s]), 50-
scale (µE = 5.82s [5.09s, 6.56s]), and 75-scale (µE = 7.15s [6.41s, 
7.89s]). 

span. The analysis showed a signifcant (F2,34 = 19.66, p < .001, 
η2 = 0.05) main efect of span with a small efect size. Post-hoc G
tests confrmed (both p<.001) rising TCTs from medium (µE = 5.10s 
[4.27s, 5.94s]) and big (µE = 4.81s [3.98s, 5.65s]) to small (µE = 7.28s 
[6.45s, 8.12s]). 

target. The analysis showed a signifcant (F2,34 = 17.86, p < 
.001, η2 = 0.01) main efect of target with a small efect size. Post-G
hoc tests confrmed (both p<.001) rising TCTs from 10% (µE = 5.35s 
[4.62s, 6.07s]) to 90% and from 50% (µE = 5.42s [4.70s, 6.15s]) to 90% 
(µE = 6.43s [5.71s, 7.15s]). 

span:scale. The analysis showed a signifcant (F4,68 = 6.27, 
p < .001, η2 = 0.01) interaction efect of span and scale with a G
small efect size. Post-hoc tests confrmed that the spread of TCTs 
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Figure 6: The number of crossings per scale and span, grouped by column-wise counterforce and row-wise direction. 
Error bars show the standard error. 

across varying scale was more pronounced for small than for 
both medium and big: While TCTs are grouped closely together for 
medium and big, the analysis for small showed signifcant (both 
p<.001) diferences for 25-scale (µE = 4.91s [3.97s, 5.85s]) compared 
to both 50-scale (µE = 7.64s [6.70s, 8.58s]) and 75-scale (µE = 9.30s 
[8.36s, 10.24s]). 

counterforce:scale. The analysis showed a signifcant (F4,68 = 
3.96, p < .01, η2 = 0.01) interaction efect of counterforce andG
scale with a small efect size. Post-hoc tests confrmed that the 
spread of TCTs in soft of counterforce was more pronounced 
than compared to none and hard: While TCTs are grouped closely 
together for none and hard, the analysis for soft showed signif-
cant (both p<.001) diferences for 25-scale (µE = 3.86s [2.99s, 4.74s]) 
compared to both 50-scale (µE = 6.01s [5.14s, 6.88s]) and 75-scale 
(µE = 7.91s [7.03s, 8.78s]). 

The analysis revealed no further interaction efects. 

4.3 Crossings 
To understanding the difculty to hit a target in more detail, we 
measured the number of crossings (i.e. the number of fully under-
or overshooting the target cell). As shown in Figure 6, we found 
values ranging from µ = 0.17, σ = 0.38 (<big, soft, left-to-right, 
25-scale, 10%>) to µ = 32.33, σ = 66.13 (<small, soft, front-to-
rear, 75-scale, 50%>). 

direction. The analysis showed a signifcant (F2,34 = 18.10, 
p < .001, η2 = 0.01) main efect of direction with a small ef-G
fect size. Post-hoc tests confrmed (p<.01, p<.001) that there were 
signifcantly lower crossings from left-to-right (µE = 2.48 [0.75, 
4.21]) than compared to top-to-bottom (µE = 7.26 [5.53, 8.99]) and 
front-to-rear (µE = 5.58 [3.85, 7.31]). 

counterforce. The analysis did not show a signifcant main 
efect of counterforce (F2,34 = 0.41, p > .05). 

scale. The analysis showed a signifcant (F2,34 = 36.29, p < .001, 
η2 = 0.03) main efect of scale with a small efect size. Post-hoc G
tests confrmed (all p<.001) that the number of crossings signif-
cantly difers between all scales, ranging from 25-scale (µE = 1.60 
[-0.13, 3.33]) and 50-scale (µE = 5.23 [3.50, 6.96]) to 75-scale 
(µE = 8.49 [6.76, 10.22]). 

span. The analysis showed a signifcant (F2,34 = 15.74, p < .001, 
η2 = 0.01) main efect of span with a small efect size. Post-hoc G
tests confrmed (p<.01, p<.001) that the number of crossings were 
signifcantly higher for small (µE = 7.88 [6.10, 9.67]) than compared 
to both medium (µE = 4.49 [2.70, 6.27]) and big (µE = 2.95 [1.17, 
4.74]). 

target. The analysis showed a signifcant (F2,34 = 17.86, p < 
.001, η2 = 0.01) main efect of target with a small efect size. G
Post-hoc tests confrmed (p<.05) that the number of crossings is 
signifcantly higher for 10% (µE = 6.35 [4.58, 8.11]) compared to 90% 
(µE = 4.18 [2.41, 5.94]). 

span:scale. The analysis showed a signifcant (F4,68 = 2.68, 
p < .05, η2 = 0.00) interaction efect between span and scale withG
a small efect size. Post-hoc tests confrmed that with rising span the 
diference in the number of crossing across scale is less pronounced: 
While the crossings are grouped more closely together for medium 
and big, the analysis for small showed signifcant (p<.01, p<.001) 
diferences between 25-scale (µE = 2.80 [0.52, 5.07]) compared to 
both 50-scale (µE = 8.09 [5.81, 10.36]) and 75-scale (µE = 12.77 
[10.49, 15.05]). 

scale:direction. The analysis showed a signifcant (F4,68 = 3.40, 
p < .05, η2 = 0.00) interaction efect between scale and directionG
with a small efect size. 

Post-hoc tests confrmed that the number of crossings in a cer-
tain direction varies diferently for scale. While the number 
of crossings is grouped closely together for 25-scale, increasing 
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Figure 7: The jitter per scale and span, grouped by column-wise counterforce and row-wise direction. Error bars show 
the standard error. 

the scale to 50-scale amplifes (p<.001) the diferences in direc-
tion between left-to-right (µE = 2.29 [0.07, 4.52]) and top-to-
bottom (µE = 7.97 [5.75, 10.19]). Analogously for 75-scale, the di-
rections left-to-right (µE = 4.41 [2.18, 6.63]) and top-to-bottom 
(µE = 11.64 [9.42, 13.86]) also difer signifcantly (p<.001). 

Beyond these interaction efects, the analysis revealed a three-
way interaction efect between span:direction:scale that we omit 
due to space limitations. 

4.4 Jitter 
We analyzed the jitter of participants, defned as the maximal range 
of deviation around the target while holding for three seconds after 
confrming completion. The numbers are given in percentage of the 
interaction range that was defned by the participant’s calibration. 
As shown in Figure 7, we found jitter ranging from µ = 0.39%, σ = 
0.27% (<big, soft, left-to-right, 75-scale, 50%>) to µ = 23.05%, 
σ = 24.44% (<small, hard, front-to-rear, 25-scale, 90%>). The 
measurements are illustrated in Figure 7. 

direction. The analysis showed a signifcant (F2,32 = 16.47, 
p < .001, η2 = 0.02) main efect of direction with a small efect G
size. Post-hoc tests confrmed (p<.001, p<.01) that jitter was signif-
cantly higher for top-to-bottom (µE = 5.75% [4.93%, 6.57%]) than 
compared to both left-to-right (µE = 3.49% [2.67%, 4.31%]) and 
front-to-rear (µE = 4.49% [3.67%, 5.30%]). 

counterforce. The analysis showed a signifcant (F2,32 = 13.66, 
p < .001, η2 = 0.06) main efect of counterforce with a small G
efect size. Post-hoc tests confrmed (p<.01, p<.001) that jitter was 
lower for soft (µE = 2.64% [1.60%, 3.68%]) than compared to both 
none (µE = 4.91% [3.88%, 5.95%]) and hard (µE = 6.17% [5.14%, 
7.21%]). 

scale. The analysis showed a signifcant (F2,32 = 5.48, p < .01, 
η2 = 0.00) main efect of scale with a small efect size. Post-hoc G 

tests confrmed that jitter was signifcantly (both p<.05) higher for 
25-scale (µE = 4.89% [4.17%, 5.61%]) than compared to both 50-
scale (µE = 4.40% [3.68%, 5.12%]) and 75-scale (µE = 4.43% [3.71%, 
5.15%]). 

span. The analysis showed a signifcant (F2,32 = 38.68, p < .001, 
η2 = 0.06) main efect of span with a small efect size. Post-hoc G
tests confrmed (p<.001, p<.001, p<.05) that jitter signifcantly dif-
fered between big (µE = 2.96% [2.13%, 3.79%]), medium (µE = 4.23% 
[3.40%, 5.06%]), and small (µE = 6.53% [5.71%, 7.36%]). 

target. The analysis showed a signifcant (F2,32 = 10.83, p < 
.001, η2 = 0.02) main efect of target with a small efect size. Post-G
hoc tests confrmed (both p<.001) that jitter was signifcantly higher 
for 90% (µE = 5.79% [4.93%, 6.64%]) than for both 50% (µE = 4.13% 
[3.27%, 4.99%]) and 10% (µE = 3.81% [2.95%, 4.67%]). 

span:counterforce. The analysis showed a signifcant (F4,64 = 
5.22, p < .01, η2 = 0.01) interaction efect between span and coun-G
terforce with a small efect size. Post-hoc tests confrmed that 
jitter in a certain counterforce varies diferently for span. While 
the analysis showed no signifcant diference between variations of 
span for counterforce<soft>, we found a wider spread of jitter 
for the other levels of counterforce: For counterforce<none>, 
span<small> performed signifcantly (both p<.001) worse com-

pared to both medium and big (jitter increased from µE = 3.77% 
[2.50%, 5.05%] for medium and µE = 3.54% [2.26%, 4.81%] for big 
to µE = 7.43% [6.15%, 8.70%] for small). Similarly, for counter-
force<hard>, span<small> performed signifcantly (p<.05, p<.001) 
worse compared to both medium and big (jitter increased from 
µE = 6.23% [4.96%, 7.51%] for medium and µE = 3.61% [2.33%, 4.88%] 
for big to µE = 8.68% [7.40%, 9.95%] for small). 

span:direction. The analysis showed a signifcant (F4,64 = 6.80, 
p < .001, η2 = 0.01) interaction efect between span and directionG
with a small efect size. Post-hoc test confrmed that that jitter for a 
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constant span varies diferently with respect to the direction: Es-
pecially for direction<top-to-bottom>, jitter signifcantly (both 
p<.001) difers from small to both medium and big (an increase of 
jitter from µE = 5.31% [4.29%, 6.33%] for medium and µE = 3.33% 
[2.30%, 4.35%] for big to µE = 8.60% [7.58%, 9.63%] for small). 

span:target. The analysis showed a signifcant (F4,64 = 12.10, 
p < .001, η2 = 0.01) interaction efect between span and target G
with a small efect size. Post-hoc tests confrmed that with rising 
target the diferences in jitter across span are more pronounced: 
While jitter is grouped more closely together for 10% and 50%, the 
analysis for 90% showed signifcant (both p<.001) diferences be-
tween small (µE = 8.71% [7.69%, 9.73%]) compared to both medium 
(µE = 4.99% [3.97%, 6.01%]) and big (µE = 3.66% [2.64%, 4.68%]). 

counterforce:target. The analysis showed a signifcant (F4,64 = 
19.93, p < .001, η2 = 0.04) interaction efect between counter-G
force and target with a small efect size. Post-hoc tests confrmed 
that with rising target the spread of jitter for diferent levels 
of counterforce increase. In the case of target<90%>, jitter of 
hard (µE = 9.80% [8.52%, 11.08%]) is signifcantly (both p<.001) 
higher compared to both none (µE = 4.29% [3.01%, 5.57%]) and 
soft (µE = 3.27% [1.98%, 4.55%]). 

Beyond these interaction efects, the analysis revealed two three-
way interaction efects between span:counterforce:scale and 
span:counterforce:target that we omit due to space limitations. 

4.5 Questionnaires & Subjective Feedback 
In general, participants agreed that pinching as an input modality 
is a convenient (median = 4, mad = 1.48) way to interact (1 least, 
5 most for all questions). Overall, participants agreed (median = 
4, mad = 1.48) that the system was physically demanding to use. 
Interestingly, we were not able to fnd signifcant diferences in 
physical demand for diferent levels of counterforce. 

Regarding their favorite counterforce, participants were split 
between none (10 votes) and soft (8 votes). The majority ranked 
hard (14 votes) the worst counterforce and no participant ranked 
soft the worst. This is in line with qualitative feedback, e.g. P9 told 
us that “without any object was much more convenient for longer 
use as (the fngers) became exhausting fastly. However, it also was 
more difcult to hit the target so I would still prefer a soft object.” 
While pondering about the diferent levels of counterforce, P15 
remarked to “take the one without resistance, it feels so much better 
pressing against air than pressing against some mechanical stuf.” 

Regarding their favorite span, participants preferred medium 
(13 votes), followed by big (5 votes). No participants ranked small 
their favorite span. Participants were split about the worst span 
between small (10 votes) and big (8 votes). P4, among the group 
preferring the medium span, stated that “larger distances between 
the fnger allow more space to play and select the target precisely.” 

Regarding their favorite direction, participants had diverse 
opinions, ranging from 3 votes for top-to-bottom, 6 votes for 
front-to-rear, and 9 votes for left-to-right. The majority, at the 
same time, ranked top-to-bottom (13 votes) the worst direction. 

5 DISCUSSION & IMPLICATIONS 
In the following, we discuss the fndings of the experiment and 
derive implications for the design of pinchable user interfaces. 

5.1 Size Matters: Avoid Too Small Spans 
Our results strongly indicate that a span in the range of medium 
to big is benefcial for all measures: Primarily, this is evident by 
signifcantly better accuracies for the wider spans. Also, the jitter 
for the smallest span was more than twice as high compared to 
the biggest span. This implication is further backed up by a higher 
number of crossings and longer TCTs for small spans. Further, not 
a single participant ranked the smallest span as their favorite. 

13 participants ranked the medium span their favorite, but the 
quantitative measures paint a more diverse picture when com-

paring medium to big spans: Although there were no signifcant 
diferences in TCTs, the jitter, the crossings, and the accuracy were 
signifcantly better for the biggest span, suggesting a beneft in 
overall performance. 

Taken together, our analysis suggests that wider grip spans are 
generally more suited for an accurate and efcient pinching input 
with a high user experience. We hypothesize that the human ability 
for fne granular adjustment is constant per absolute distance delta. 
This favors larger grip spans, as a larger absolute range of distance 
is mapped to the same scale. Therefore, it is easier to reach and hold 
a target cell while maintaining the same fne granularity of the hand. 
This increases accuracy in particular, but also afects the number of 
crossings, since there is more time to correct an approaching over-
or undershoot at a higher absolute distance. 

Based on our fndings, we recommend to use wider grip spans 
whenever possible as they ofer a greater absolute distance per scale 
cell, particularly enhancing accuracy. In situations where small 
spans are more desirable, our results indicate reducing the number 
of options to accommodate the lower accuracy. By combining small 
spans with further input modalities (e.g. the translation of the 
fngers after pinching), a higher input capacity can still be achieved. 

5.2 Don’t Underestimate the Force: Use a 
Counterforce for Higher Accuracy 

While our results indicate that accuracies of up to 100% (i.e. not a 
single error over all participants) are in fact possible, these were only 
obtained in the presence of a counterforce. Without a counterforce, 
participants reached accuracies of 89%, but even this result was 
only achieved for one condition at the lowest scale. When focusing 
on the highest scale, we found accuracies of up to 94% (e.g. for <big, 
hard, left-to-right>). This is remarkable, considering that the 
allowed variation in the distance between thumb and index fnger 
in this scale and span was only 1.2 mm (= 1/75 ∗ 92 mm). 

Refecting the results for accuracy, in particular, the human abili-
ties to control the distance between thumb and index fnger appears 
to be strongly related to whether an object in the hand exerts a 
counterforce. This may be attributed to the fact that in addition 
to the proprioceptive feedback provided by the motor system, an 
acting counterforce also stimulates the haptic sensors, providing a 
more diverse basis of stimuli to control the distance between the 
thumb and index fnger. However, our results also show rising jitter 
(+3.53%) for harder counterforces, most probably as it is harder 
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to steadily control the distance towards the maximal voluntary 
strength. 

Based on our results, we suggest the use of a soft counterforce 
for most situations. This is consistent with a minimum jitter (about 
2.64%) measured for this level and enables users to maintain a 
constant target on the scale over some time (e.g. to select an element 
with a dwell time). When a counterforce at all is undesirable or 
implementable, designers of pinchable user interfaces can consider 
a left-to-right direction with a medium span at the lowest scale. 

5.3 Avoid Top-to-Bottom 
Our analysis indicates that the top-to-bottom direction is the least 
favorable for pinching input: While we recorded some conditions 
with an accuracy above 94% for this direction (e.g. in combination 
with <big, soft, 25-scale>), our results showed a signifcantly 
higher jitter, number of crossings, and TCTs. Although this suggests 
that the top-to-bottom direction is, at least in terms of accuracy, 
feasible, a majority of 13 participants ranked it their worst direction. 

These results suggest that the top-to-bottom direction is less 
suited for linear pinching. We assume this may be related to the 
fact that the distance between thumb and index fnger is more 
difcult to estimate visually in this hand position than in the left-
right direction, thus negatively afecting the visual-motor loop. 

Based on these results, we recommend avoiding the top-to-
bottom direction if possible to increase overall efciency and user 
experience. In cases when it is essential, designers should consider 
combining it only with lower scales or at least an intermediate span 
with a soft or hard counterforce. 

5.4 High Scaling Allowed 
We initially intended the highest scale to be an almost infeasible up-
per bound. Surprisingly, we found that there were several conditions 
with accuracies above 90% (e.g. with <big, hard, left-to-right>). 
While, of course, lower scales ofered benefts in terms of a lower 
number of crossings and TCTs, this illustrates the potential for 
lateral pinching as a very fne-grained input modality. 

Interestingly, our results indicate that the jitter is signifcantly 
higher for the lowest scale. That is, participants held less steady 
when a lower scale was presented for the same counterforce, di-
rection, and span. We hypothesize that humans may alter their 
cognitive model of holding as still as possible based on the latest 
visual stimuli. The appearance of a broader scale just before the 
prompt to hold still might afect the human conception of what it 
means to hold still. 

Another interesting fnding related to the efect of the target 
location on measurements: While the TCTs obviously increased 
with rising targets, the 90% location at the upper end of the scale, 
compared to the lower end, had the highest jitter (5.79% vs. 3.81%) 
but the smallest crossings (4.18 vs. 6.35) and vice versa. This is 
most probably related to the fact that holding still near the force 
limit of human motion is more challenging. At the same time, not 
overshooting the 10% location is harder than for the 90%. 

In conclusion, our results indicate that the input capacity of lat-
eral pinching is often up to three times higher compared to the 
already considerable capacity of 20 levels for applying pressure with 

the index fnger [18]. While lower scales obviously improve accu-
racy and efciency, we recommend not to fear high scales, if they 
are combined with at least a medium span and soft counterforce. 

5.5 Implications for Mid-Air Pinching Gestures 
At least since the release of the HoloLens, pinch-to-tap has become 
one of the standard ways to interact with Mixed Reality. It is most 
frequently used in top-to-bottom direction in pure mid-air. While 
this interaction style has proven to be versatile for binary tap in-
teraction and subsequent translation and rotation movements, our 
fndings suggest that this combination of direction and no counter-
force is suboptimal for lateral pinching as a linear input modality. 
While it may be considered infeasible for users to carry an object ex-
erting an appropriate counterforce with them, especially in highly 
mobile use cases, the illusion of a counterforce might be as well 
generated by a wearable haptic interface worn at the hand or arm 
(e.g. as proposed by Choi et al. [10]). Such concepts also raise the 
possibility of dynamically adjusting the counterforce or span based 
on the usage scenario and the required accuracy or efciency. 

6 LIMITATIONS & FUTURE WORK 
We are convinced that this paper contributes valuable insights into 
the usability of pinching for interaction. However, this paper has 
limitations that must be considered and also raises questions for 
future work. 

6.1 Validity & Applicability 
In this paper, we aim to advance the understanding of the human 
capabilities of using pinching motions for linear input with com-

puter systems. To this end, we conducted a controlled experiment, 
as this allows us to establish unafected fundamental properties of 
pinching. Using this methodology, we can analyze the sheer efects 
of the independent variables presented and efectively control for 
any confounding factors, such as a standard camera-based track-
ing system or a sensor integrated into the object (e.g. constraints 
due to specifc properties of force-sensitive resistors). However, a 
controlled experiment with a limited number of participants can 
naturally only capture a sample of real human performance. There-
fore, the presented results are mainly generalizable to the user 
group of adults and may vary for other user groups (e.g. children 
or seniors). While the form factor of our apparatus focuses on an 
smooth and planar contact face as a baseline measure, it may be 
easily extended by future work to investigate the efect of varying 
surface textures (e.g. soft or spiky) and geometries (e.g. curved). 
Also, future research needs to be conducted that covers the specifc 
technical design and associated challenges (e.g., how to reliably 
detect the pinching thumb and index with or without an object in 
hand). 

We opted for a high-precision optical tracking system that cap-
tures the distance between the thumb and index fnger with a high 
level of accuracy. Although this has provided us with a realistic 
and robust basis for research, it is not a practical and easily de-
ployable solution for future pinchable user interfaces due to its 
enormous cost and assembly efort. Alternative solutions might be 
to embed force sensors into the objects to pinch or employ camera-

based hand tracking systems, which are already integrated into 
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commercially available Mixed Reality headsets. Both promise to 
recognize the thumb and index fnger for pinching input. Hence, 
an implementation that considers the implications presented in 
this paper is already in reach. However, open research questions 
remain beyond mere implementation, such as how to design con-
trols for Mixed Reality that facilitate the use of pinching for linear 
control (e.g. as a more space-efcient replacement of standard linear 
sliders) or whether there is a diference in using the dominant or 
non-dominant hand for pinching [21]. Future work is needed to 
address these challenges. 

6.2 Fatigue 
Fatigue could be a potential limitation to the repeated use of pinch-
ing. To further investigate whether participants were subject to 
fatigue during our experiment, we trained linear models for all 
measurements and the relative study time at which each measure-

ment was recorded (normalized over the individual study duration). 
We could not fnd a relevant efect over the relative study time (all 
slopes less than -0.02). However, fatigue, in general, is a complex 
phenomenon that should be further examined in future work. In 
particular, studies should be carried out that investigate whether 
the hand becomes increasingly fatigued during accumulated pinch 
movements or whether even short rest periods, which are not un-
common in an ordinary interaction sequence, contribute to the 
required recovery. 

6.3 Mapping Counterforces to Materials 
While the elastic modulus is the standard way to characterize the 
reversible deformation behavior of an object, we intentionally vary 
our counterforce levels as a force in newton, because this nat-
urally transfers from research on the maximum voluntary force 
of pinching. However, the elastic modulus is usually expressed 

2
in pascals, which is defned as 1Pa = 1N /m . Based on the av-
erage area of the frst phalanx of the thumb and the frst two 
phalanxes of the index fnger of approx. A = 970.25 mm2 

[7], 
our levels of counterforce F can be directly transformed into 
the elastic modulus by E = F /A. This equals an elastic modu-

2
lus of Esof t = 26.15 N /970.25mm = 0.027 MPa for soft and 

2 = 52.3 N /970.25mm = 0.054 MPa for hard (for compari-

son, 0.67 MPa roughly equals a foamy ball [18]). Unfortunately, this 
is below the minimal values of readily available silicone. Therefore, 
future work should explore material compositions with a suitable 
elastic modulus, for instance, via 3D-printed sponge-like structures 
that are highly compressible due to air pockets in the material. 

Ehard 

6.4 Selection Method 
To explore the efect of the diferent factors independently of other 
infuences, we decided not to implement an active selection method 
and chose a clicker in the non-dominant hand instead. However, to 
efectively use pinching as a linear input modality, an appropriate 
selection method is necessary. Such a method could be based on 
previously introduced techniques, such as quick release or dwell 
time. Alternatively, future selection methods may be bi-manual or 
leverage the information of 3D fnger tracking. That is, the system 
may determine whether or not the thumb and index fnger are in a 

pinch-active area. Future work is required to assess the suitability 
of varying selection techniques for linear pinching input. 

7 CONCLUSION 
We presented Squeezy-Feely, an exploration of the potential of 
lateral thumb-index pinching as an input method. In a controlled 
experiment, we evaluated the human ability to selectively control 
the distance between the thumb and index fnger to solve a visual 
targeting task. For this purpose, we varied three spans of grip, three 
counterforces of the object, three diferent directions of grip, three 
scales (up to 75 diferent entries), and three diferent target levels. 
We found that, in particular, too small grip spans, a lack of coun-
terforce, and top-to-bottom grasping have detrimental efects on 
accuracy, efciency, and user experience. Also, we have shown that 
lateral pinching has the potential for an accurate, efcient, and 
usable input modality also up to the highest scale investigated. By 
exploring these implications, we contribute to the vision of pinch-
ing as a linear input method for future pinchable user interfaces, 
which can be useful for many application areas, ranging from Mixed 
Reality to deformable displays. 

ACKNOWLEDGMENTS 
We would like to thank Felix Lange, Marco Fendrich, Jens Grün-
wald, all participants, and the reviewers. This work has been co-
funded by the German Federal Ministry of Education and Research 
(01IS17050) and the German Research Foundation (TRR161, project 
id 251654672) in project C06. 

REFERENCES 
[1] Alexander M. Aurand, Jonathan S. Dufour, and William S. Marras. 2017. Accuracy 

Map of an Optical Motion Capture System with 42 or 21 Cameras in a Large 
Measurement Volume. Journal of Biomechanics 58 (June 2017), 237–240. https: 
//doi.org/10.1016/j.jbiomech.2017.05.006 

[2] Jef Avery, Mark Choi, Daniel Vogel, and Edward Lank. 2014. Pinch-to-Zoom-

plus: An Enhanced Pinch-to-Zoom That Reduces Clutching and Panning. In 
Proceedings of the 27th Annual ACM Symposium on User Interface Software and 
Technology (UIST ’14). Association for Computing Machinery, New York, NY, 
USA, 595–604. https://doi.org/10.1145/2642918.2647352 

[3] Moritz Bächer, Benjamin Hepp, Fabrizio Pece, Paul G. Kry, Bernd Bickel, Bernhard 
Thomaszewski, and Otmar Hilliges. 2016. DefSense: Computational Design of 
Customized Deformable Input Devices. In Proceedings of the 2016 CHI Conference 
on Human Factors in Computing Systems (CHI ’16). ACM, New York, NY, USA, 
3806–3816. https://doi.org/10.1145/2858036.2858354 

[4] Roger Bakeman. 2005. Recommended Efect Size Statistics for Repeated Measures 
Designs. Behavior Research Methods 37, 3 (Aug. 2005), 379–384. https://doi.org/ 
10.3758/BF03192707 

[5] Ravin Balakrishnan, George Fitzmaurice, Gordon Kurtenbach, Karan Singh, and 
King Street East. 1999. Exploring Interactive Curve and Surface Manipulation 
Using a Bend and Twist Sensitive Input Strip. Proceedings of the 1999 symposium 
on Interactive 3D graphics (1999), 111–118. https://doi.org/10.1145/300523.300536 

[6] Hrvoje Benko and Andrew D. Wilson. 2010. Pinch-the-Sky Dome: Freehand 
Multi-Point Interactions with Immersive Omni-Directional Data. In CHI ’10 
Extended Abstracts on Human Factors in Computing Systems. Association for 
Computing Machinery, New York, NY, USA, 3045–3050. 

[7] Marco Ceccarelli, Nestor Nava Rodriguez, and Giuseppe Carbone. 2006. Design 
and Tests of a Three Finger Hand with 1-DOF Articulated Fingers. Robotica 24 
(March 2006), 183–196. https://doi.org/10.1017/S0263574705002018 

[8] Ishan Chatterjee, Robert Xiao, and Chris Harrison. 2015. Gaze+ Gesture: Ex-
pressive, Precise and Targeted Free-Space Interactions. In Proceedings of the 2015 
ACM on International Conference on Multimodal Interaction. 131–138. 

[9] Chin-yu Chien, Rong-Hao Liang, Long-Fei Lin, Liwei Chan, and Bing-Yu Chen. 
2015. FlexiBend : Enabling Interactivity of Multi-Part , Deformable Fabrications 
Using Single Shape-Sensing Strip. In Proceedings of the 28th Annual ACM Sympo-

sium on User Interface Software & Technology - UIST ’15. ACM Press, New York, 
New York, USA, 659–663. https://doi.org/10.1145/2807442.2807456 

https://doi.org/10.1016/j.jbiomech.2017.05.006
https://doi.org/10.1016/j.jbiomech.2017.05.006
https://doi.org/10.1145/2642918.2647352
https://doi.org/10.1145/2858036.2858354
https://doi.org/10.3758/BF03192707
https://doi.org/10.3758/BF03192707
https://doi.org/10.1145/300523.300536
https://doi.org/10.1017/S0263574705002018
https://doi.org/10.1145/2807442.2807456


Squeezy-Feely CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

[10] Inrak Choi, Heather Culbertson, Mark R. Miller, Alex Olwal, and Sean Follmer. 
2017. Grabity: A Wearable Haptic Interface for Simulating Weight and Grasping in 
Virtual Reality. In Proceedings of the 30th Annual ACM Symposium on User Interface 
Software and Technology (UIST ’17). Association for Computing Machinery, New 
York, NY, USA, 119–130. https://doi.org/10.1145/3126594.3126599 

[11] Jacob Cohen. 1988. Statistical Power Analysis for the Behavioral Sciences. Routledge. 
https://doi.org/10.4324/9780203771587 

[12] Javier de la Fuente and Laura Bix. 2010. Pack Interaction: Insights for Designing 
Inclusive Child-Resistant Packaging. In Designing Inclusive Interactions: Inclusive 
Interactions Between People and Products in Their Contexts of Use. 89–100. https: 
//doi.org/10.1007/978-1-84996-166-0_9 

[13] Niloofar Dezfuli, Mohammadreza Khalilbeigi, Jochen Huber, Florian Müller, and 
Max Mühlhäuser. 2012. PalmRC : Imaginary Palm-Based Remote Control for 
Eyes-Free Television Interaction. Proceedings of the 10th European conference on 
Interactive tv and video (2012), 27–34. 

[14] Lisa A. Elkin, Matthew Kay, James J. Higgins, and Jacob O. Wobbrock. 2021. An 
Aligned Rank Transform Procedure for Multifactor Contrast Tests. Proceedings 
of the 34rd Annual ACM Symposium on User Interface Software and Technology 
(2021). https://doi.org/10.1145/3472749.3474784 

[15] Thomas Feix, Ian M. Bullock, and Aaron M. Dollar. 2014. Analysis of Human 
Grasping Behavior: Correlating Tasks, Objects and Grasps. IEEE Transactions on 
Haptics 7, 4 (Oct. 2014), 430–441. https://doi.org/10.1109/TOH.2014.2326867 

[16] Thomas Feix, Ian M. Bullock, and Aaron M. Dollar. 2014. Analysis of Human 
Grasping Behavior: Object Characteristics and Grasp Type. IEEE Transactions on 
Haptics 7, 3 (July 2014), 311–323. https://doi.org/10.1109/TOH.2014.2326871 

[17] Thomas Feix, Javier Romero, Heinz-Bodo Schmiedmayer, Aaron M. Dollar, and 
Danica Kragic. 2016. The GRASP Taxonomy of Human Grasp Types. IEEE 
Transactions on Human-Machine Systems 46, 1 (Feb. 2016), 66–77. https://doi. 
org/10.1109/THMS.2015.2470657 

[18] Bruno Fruchard, Paul Strohmeier, Roland Bennewitz, and Jürgen Steimle. 2021. 
Squish This: Force Input on Soft Surfacesfor Visual Targeting Tasks. In Proceedings 
of the 2021 CHI Conference on Human Factors in Computing Systems (CHI ’21). 
Association for Computing Machinery, New York, NY, USA, 1–9. https://doi. 
org/10.1145/3411764.3445623 

[19] Kentaro Go, Katsutoshi Nonaka, Koji Mitsuke, and Masayuki Morisawa. 2012. 
Object Shape and Touch Sensing on Interactive Tables with Optical Fiber Sensors. 
In Proceedings of the Sixth International Conference on Tangible, Embedded and 
Embodied Interaction - TEI ’12. ACM Press, New York, New York, USA, 123. 
https://doi.org/10.1145/2148131.2148158 

[20] Nan-wei Gong, Jürgen Steimle, Simon Olberding, Steve Hodges, Nicholas Ed-
ward Gillian, Yoshihiro Kawahara, and Joseph A. Paradiso. 2014. PrintSense: A 
Versatile Sensing Technique to Support Multimodal Flexible Surface Interaction. 
In Proceedings of the 32nd Annual ACM Conference on Human Factors in Com-

puting Systems - CHI ’14. ACM Press, New York, New York, USA, 1407–1410. 
https://doi.org/10.1145/2556288.2557173 

[21] Yves Guiard. 1987. Asymmetric Division of Labor in Human Skilled Bimanual 
Action. Journal of Motor Behavior 19, 4 (Dec. 1987), 486–517. https://doi.org/10. 
1080/00222895.1987.10735426 

[22] Shuang Zhuang Guo, Kaiyan Qiu, Fanben Meng, Sung Hyun Park, and Michael C. 
McAlpine. 2017. 3D Printed Stretchable Tactile Sensors. Advanced Materials 29, 
27 (2017), 1–8. https://doi.org/10.1002/adma.201701218 

[23] Nur Al-huda Hamdan, Jefrey R. Blum, Florian Heller, Ravi Kanth Kosuru, and 
Jan Borchers. 2016. Grabbing at an Angle: Menu Selection for Fabric Interfaces. 
In Proceedings of the 2016 ACM International Symposium on Wearable Computers 
(ISWC ’16). Association for Computing Machinery, New York, NY, USA, 1–7. 
https://doi.org/10.1145/2971763.2971786 

[24] Teng Han, Jie Liu, Khalad Hasan, Mingming Fan, Junhyeok Kim, Jiannan Li, 
Xiangmin Fan, Feng Tian, Edward Lank, and Pourang Irani. 2019. PinchList: 
Leveraging Pinch Gestures for Hierarchical List Navigation on Smartphones. In 
Proceedings of the 2019 CHI Conference on Human Factors in Computing Systems. 
Association for Computing Machinery, New York, NY, USA, 1–13. 

[25] Liang He, Gierad Laput, Eric Brockmeyer, and Jon E Froehlich. 2017. SqueezaPulse 
: Adding Interactive Input to Fabricated Objects Using Corrugated Tubes and Air 
Pulses. In Proceedings of the Tenth International Conference on Tangible, Embedded, 
and Embodied Interaction - TEI ’17. ACM Press, New York, New York, USA, 341– 
350. https://doi.org/10.1145/3024969.3024976 

[26] Fabian Hennecke, Franz Berwein, and Andreas Butz. 2011. Optical Pressure 
Sensing for Tangible User Interfaces. In Proceedings of the ACM International 
Conference on Interactive Tabletops and Surfaces - ITS ’11. ACM Press, New York, 
New York, USA, 45. https://doi.org/10.1145/2076354.2076362 

[27] Eve Hoggan, Miguel Nacenta, Per Ola Kristensson, John Williamson, Antti 
Oulasvirta, and Anu Lehtiö. 2013. Multi-Touch Pinch Gestures: Performance and 
Ergonomics. In Proceedings of the 2013 ACM International Conference on Interac-
tive Tabletops and Surfaces (ITS ’13). Association for Computing Machinery, New 
York, NY, USA, 219–222. https://doi.org/10.1145/2512349.2512817 

[28] Da-Yuan Huang, Liwei Chan, Shuo Yang, Fan Wang, Rong-Hao Liang, De-Nian 
Yang, Yi-Ping Hung, and Bing-Yu Chen. 2016. DigitSpace: Designing Thumb-

to-Fingers Touch Interfaces for One-Handed and Eyes-Free Interactions. In 

Proceedings of the 2016 CHI Conference on Human Factors in Computing Systems. 
Association for Computing Machinery, New York, NY, USA, 1526–1537. 

[29] Charles Hudin, Sabrina Panëels, and Steven Strachan. 2016. INTACT : Instant 
Interaction with 3D Printed Objects. In Proceedings of the 2016 CHI Conference 
Extended Abstracts on Human Factors in Computing Systems - CHI EA ’16. ACM 
Press, New York, New York, USA, 2719–2725. https://doi.org/10.1145/2851581. 
2892351 

[30] Yuichiro Katsumoto, Satoru Tokuhisa, and Masa Inakage. 2013. Ninja Track: 
Design of Electronic Toy Variable in Shape and Flexibility. In Proceedings of the 
7th International Conference on Tangible, Embedded and Embodied Interaction (TEI 
’13). ACM, New York, NY, USA, 17–24. https://doi.org/10.1145/2460625.2460628 

[31] Mohammadreza Khalilbeigi, Roman Lissermann, Wolfgang Kleine, and Jürgen 
Steimle. 2012. FoldMe: Interacting with Double-Sided Foldable Displays. In 
Proceedings of the Sixth International Conference on Tangible, Embedded and 
Embodied Interaction (TEI ’12). ACM, New York, NY, USA, 33–40. https://doi. 
org/10.1145/2148131.2148142 

[32] Mohammadreza Khalilbeigi, Roman Lissermann, Max Mühlhäuser, and Jürgen 
Steimle. 2011. Xpaaand: Interaction Techniques for Rollable Displays. In Proceed-
ings of the SIGCHI Conference on Human Factors in Computing Systems (CHI ’11). 
ACM, New York, NY, USA, 2729–2732. https://doi.org/10.1145/1978942.1979344 

[33] Johan Kildal. 2012. Interacting with Deformable User Interfaces: Efect of Material 
Stifness and Type of Deformation Gesture. In Haptic and Audio Interaction 
Design (Lecture Notes in Computer Science). Springer, Berlin, Heidelberg, 71–80. 
https://doi.org/10.1007/978-3-642-32796-4_8 

[34] Kyuyoung Kim, Jaeho Park, Ji hoon Suh, Minseong Kim, Yongrok Jeong, and 
Inkyu Park. 2017. 3D Printing of Multiaxial Force Sensors Using Carbon Nanotube 
(CNT)/Thermoplastic Polyurethane (TPU) Filaments. Sensors and Actuators, A: 
Physical 263 (2017), 493–500. https://doi.org/10.1016/j.sna.2017.07.020 

[35] Myron W. Krueger, Thomas Gionfriddo, and Katrin Hinrichsen. 1985. VIDEO-
PLACE&#x2014;an Artifcial Reality. In Proceedings of the SIGCHI Conference 
on Human Factors in Computing Systems (CHI ’85). Association for Computing 
Machinery, New York, NY, USA, 35–40. https://doi.org/10.1145/317456.317463 

[36] Sandra Martin-Brevet, Nathanaël Jarrassé, Etienne Burdet, and Agnès Roby-
Brami. 2017. Taxonomy Based Analysis of Force Exchanges during Object 
Grasping and Manipulation. PLOS ONE 12, 5 (May 2017), e0178185. https: 
//doi.org/10.1371/journal.pone.0178185 

[37] Florian Müller, Niloofar Dezfuli, Max Mühlhäuser, Martin Schmitz, and Moham-

madreza Khalilbeigi. 2015. Palm-Based Interaction with Head-Mounted Displays. 
In Proceedings of the 17th International Conference on Human-Computer Interac-
tion with Mobile Devices and Services Adjunct - MobileHCI ’15. ACM Press, New 
York, New York, USA, 963–965. https://doi.org/10.1145/2786567.2794314 

[38] Tamotsu Murakami and Naomasa Nakajima. 1994. Direct and Intuitive Input 
Device for 3-D Shape Deformation. In Conference Companion on Human Factors 
in Computing Systems - CHI ’94. ACM Press, New York, New York, USA, 233–236. 
https://doi.org/10.1145/259963.260449 

[39] Shinichi Nakagawa and Holger Schielzeth. 2013. A General and Simple Method 
for Obtaining R2 from Generalized Linear Mixed-Efects Models. Methods in 
ecology and evolution 4, 2 (2013), 133–142. 

[40] Matei Negulescu, Jaime Ruiz, and Edward Lank. 2011. ZoomPointing Revisited: 
Supporting Mixed-Resolution Gesturing on Interactive Surfaces. In Proceedings 
of the ACM International Conference on Interactive Tabletops and Surfaces (ITS 
’11). Association for Computing Machinery, New York, NY, USA, 150–153. https: 
//doi.org/10.1145/2076354.2076382 

[41] Poh Kiat Ng, Meng Chauw Bee, Adi Saptari, and Nor Akramin Mohamad. 2014. 
A Review of Diferent Pinch Techniques. Theoretical Issues in Ergonomics Science 
15, 5 (Sept. 2014), 517–533. https://doi.org/10.1080/1463922X.2013.796539 

[42] Simon Olberding, Sergio Soto Ortega, Klaus Hildebrandt, and Jürgen Steimle. 
2015. Foldio: Digital Fabrication of Interactive and Shape-Changing Objects With 
Foldable Printed Electronics. In Proceedings of the 28th Annual ACM Symposium 
on User Interface Software & Technology - UIST ’15. ACM Press, New York, New 
York, USA, 223–232. https://doi.org/10.1145/2807442.2807494 

[43] OptiTrack. 2021 (last access 2021-09-09). Motion Capture for Movement Sciences. 
http://optitrack.com/applications/movement-sciences/. 

[44] M Pakanen, A Colley, and J Häkkilä. 2014. Squeezy Bracelet - Designing a 
Wearable Communication Device for Tactile Interaction. In Proceedings of the 
8th Nordic Conference on Human-Computer Interaction Fun, Fast, Foundational -
NordiCHI ’14. ACM Press, New York, New York, USA, 305–314. https://doi.org/ 
10.1145/2639189.2639238 

[45] Patrick Parzer, Kathrin Probst, Teo Babic, Christian Rendl, Anita Vogl, Alex Olwal, 
and Michael Haller. 2016. FlexTiles: A Flexible, Stretchable, Formable, Pressure-
Sensitive, Tactile Input Sensor. In Proceedings of the 2016 CHI Conference Extended 
Abstracts on Human Factors in Computing Systems - CHI EA ’16. ACM Press, New 
York, New York, USA, 3754–3757. https://doi.org/10.1145/2851581.2890253 

[46] Patrick Parzer, Adwait Sharma, Anita Vogl, Jürgen Steimle, Alex Olwal, and 
Michael Haller. 2017. SmartSleeve: Real-Time Sensing of Surface and Deformation 
Gestures on Flexible, Interactive Textiles, Using a Hybrid Gesture Detection 
Pipeline Patrick. In Proceedings of the 30th Annual ACM Symposium on User 
Interface Software and Technology - UIST ’17. ACM Press, New York, New York, 

https://doi.org/10.1145/3126594.3126599
https://doi.org/10.4324/9780203771587
https://doi.org/10.1007/978-1-84996-166-0_9
https://doi.org/10.1007/978-1-84996-166-0_9
https://doi.org/10.1145/3472749.3474784
https://doi.org/10.1109/TOH.2014.2326867
https://doi.org/10.1109/TOH.2014.2326871
https://doi.org/10.1109/THMS.2015.2470657
https://doi.org/10.1109/THMS.2015.2470657
https://doi.org/10.1145/3411764.3445623
https://doi.org/10.1145/3411764.3445623
https://doi.org/10.1145/2148131.2148158
https://doi.org/10.1145/2556288.2557173
https://doi.org/10.1080/00222895.1987.10735426
https://doi.org/10.1080/00222895.1987.10735426
https://doi.org/10.1002/adma.201701218
https://doi.org/10.1145/2971763.2971786
https://doi.org/10.1145/3024969.3024976
https://doi.org/10.1145/2076354.2076362
https://doi.org/10.1145/2512349.2512817
https://doi.org/10.1145/2851581.2892351
https://doi.org/10.1145/2851581.2892351
https://doi.org/10.1145/2460625.2460628
https://doi.org/10.1145/2148131.2148142
https://doi.org/10.1145/2148131.2148142
https://doi.org/10.1145/1978942.1979344
https://doi.org/10.1007/978-3-642-32796-4_8
https://doi.org/10.1016/j.sna.2017.07.020
https://doi.org/10.1145/317456.317463
https://doi.org/10.1371/journal.pone.0178185
https://doi.org/10.1371/journal.pone.0178185
https://doi.org/10.1145/2786567.2794314
https://doi.org/10.1145/259963.260449
https://doi.org/10.1145/2076354.2076382
https://doi.org/10.1145/2076354.2076382
https://doi.org/10.1080/1463922X.2013.796539
https://doi.org/10.1145/2807442.2807494
https://doi.org/10.1145/2639189.2639238
https://doi.org/10.1145/2639189.2639238
https://doi.org/10.1145/2851581.2890253
http://optitrack.com/applications/movement-sciences


CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA Martin Schmitz, Sebastian Günther, Dominik Schön, and Florian Müller 

USA, 565–577. https://doi.org/10.1145/3126594.3126652 
[47] Ken Pfeufer, Benedikt Mayer, Diako Mardanbegi, and Hans Gellersen. 2017. Gaze 

+ Pinch Interaction in Virtual Reality. In Proceedings of the 5th Symposium on 
Spatial User Interaction (SUI ’17). Association for Computing Machinery, New 
York, NY, USA, 99–108. https://doi.org/10.1145/3131277.3132180 

[48] Parinya Punpongsanon, Daisuke Iwai, and Kosuke Sato. 2015. Projection-Based 
Visualization of Tangential Deformation of Nonrigid Surface by Deformation 
Estimation Using Infrared Texture. Virtual Reality 19, 1 (March 2015), 45–56. 
https://doi.org/10.1007/s10055-014-0256-y 

[49] Raf Ramakers, Johannes Schöning, and Kris Luyten. 2014. Paddle: Highly De-
formable Mobile Devices with Physical Controls. In Proceedings of the 32nd Annual 
ACM Conference on Human Factors in Computing Systems (CHI ’14). 2569–2578. 
https://doi.org/10.1145/2556288.2557340 

[50] Christian Rendl, Patrick Greindl, Michael Haller, Martin Zirkl, Barbara Stadlober, 
and Paul Hartmann. 2012. PyzoFlex: Printed Piezoelectric Pressure Sensing Foil. 
In Proceedings of the 25th Annual ACM Symposium on User Interface Software 
and Technology - UIST ’12. ACM Press, New York, New York, USA, 509. https: 
//doi.org/10.1145/2380116.2380180 

[51] Christian Rendl, Michael Haller, Shahram Izadi, David Kim, Sean Fanello, Patrick 
Parzer, Christoph Rhemann, Jonathan Taylor, Martin Zirkl, Gregor Scheipl, and 
Thomas Rothländer. 2014. FlexSense: A Transparent Self-Sensing Deformable 
Surface. In Proceedings of the 27th Annual ACM Symposium on User Interface 
Software and Technology - UIST ’14. ACM Press, New York, New York, USA, 
129–138. https://doi.org/10.1145/2642918.2647405 

[52] Martin Schmitz, Jürgen Steimle, Jochen Huber, Niloofar Dezfuli, and Max 
Mühlhäuser. 2017. Flexibles: Deformation-Aware 3D-Printed Tangibles for Ca-
pacitive Touchscreens. In Proceedings of the 2017 CHI Conference on Human 
Factors in Computing Systems (CHI ’17). ACM, New York, NY, USA, 1001–1014. 
https://doi.org/10.1145/3025453.3025663 

[53] Shayle R. Searle, F. Michael Speed, and George A. Milliken. 1980. Population 
Marginal Means in the Linear Model: An Alternative to Least Squares Means. 
The American Statistician 34, 4 (1980), 216–221. 

[54] Kyeongeun Seo and Hyeonjoong Cho. 2014. AirPincher: A Handheld Device 
for Recognizing Delicate Mid-Air Hand Gestures. In Proceedings of the Adjunct 
Publication of the 27th Annual ACM Symposium on User Interface Software and 
Technology (UIST’14 Adjunct). Association for Computing Machinery, New York, 
NY, USA, 83–84. https://doi.org/10.1145/2658779.2658787 

[55] Na Jin Seo, Jae Kun Shim, Alexander K. Engel, and Leah R. Enders. 2011. Grip 
Surface Afects Maximum Pinch Force. Human Factors 53, 6 (Dec. 2011), 740–748. 
https://doi.org/10.1177/0018720811420256 

[56] Carrie L. Shivers, Gary A. Mirka, David B. Kaber, and North Carolina. 2002. Efect 
of Grip Span on Lateral Pinch Grip Strength. 

[57] Ronit Slyper. 2012. Sensing Through Structure. Ph.D. Dissertation. 
[58] Ronit Slyper, Ivan Poupyrev, and Jessica Hodgins. 2011. Sensing Through Struc-

ture: Designing Soft Silicone Sensors. In Proceedings of the Fifth International 
Conference on Tangible, Embedded, and Embodied Interaction - TEI ’11. ACM Press, 
New York, New York, USA, 213–220. https://doi.org/10.1145/1935701.1935744 

[59] Mohamed Soliman, Franziska Mueller, Lena Hegemann, Joan Sol Roo, Chris-
tian Theobalt, and Jürgen Steimle. 2018. FingerInput: Capturing Expressive 
Single-Hand Thumb-to-Finger Microgestures. In Proceedings of the 2018 ACM 
International Conference on Interactive Surfaces and Spaces (ISS ’18). Association 
for Computing Machinery, New York, NY, USA, 177–187. https://doi.org/10. 
1145/3279778.3279799 

[60] Caroline W Stegink Jansen, Vicki Kocian Simper, Harry G Stuart, and Heather M 
Pinkerton. 2003. Measurement of Maximum Voluntary Pinch Strength:: Efects 
of Forearm Position and Outcome Score. Journal of Hand Therapy 16, 4 (Oct. 
2003), 326–336. https://doi.org/10.1197/S0894-1130(03)00159-5 

[61] Jürgen Steimle, Andreas Jordt, and Pattie Maes. 2013. Flexpad: Highly Flexible 
Bending Interactions for Projected Handheld Displays. In Proceedings of the 
SIGCHI Conference on Human Factors in Computing Systems - CHI ’13. ACM Press, 
New York, New York, USA, 237–246. https://doi.org/10.1145/2470654.2470688 

[62] Yuta Sugiura, Masahiko Inami, and Takeo Igarashi. 2012. A Thin Stretchable 
Interface for Tangential Force Measurement. In Proceedings of the 25th Annual 
ACM Symposium on User Interface Software and Technology - UIST ’12. ACM Press, 
New York, New York, USA, 529. https://doi.org/10.1145/2380116.2380182 

[63] Yuta Sugiura, Gota Kakehi, Anusha Withana, Calista Lee, Daisuke Sakamoto, 
Maki Sugimoto, Masahiko Inami, and Takeo Igarashi. 2011. Detecting Shape 
Deformation of Soft Objects Using Directional Photorefectivity Measurement. 
In Proceedings of the 24th Annual ACM Symposium on User Interface Software 
and Technology - UIST ’11. ACM Press, New York, New York, USA, 509. https: 
//doi.org/10.1145/2047196.2047263 

[64] Dominique Tan, Maciej Kumorek, Andres A. Garcia, Adam Mooney, Derek Bekoe, 
and United Kingdom. 2015. Projectagami: A Foldable Mobile Device with Shape 
Interactive Applications. In Proceedings of the 33rd Annual ACM Conference Ex-
tended Abstracts on Human Factors in Computing Systems - CHI EA ’15. ACM Press, 
New York, New York, USA, 1555–1560. https://doi.org/10.1145/2702613.2732801

[65] Marc Teyssier, Gilles Bailly, Catherine Pelachaud, Eric Lecolinet, Andrew Conn, 
and Anne Roudaut. 2019. Skin-On Interfaces: A Bio-Driven Approach for Artif-
cial Skin Design to Cover Interactive Devices. In Proceedings of the 32nd Annual 

ACM Symposium on User Interface Software and Technology. ACM, New Orleans 
LA USA, 307–322. https://doi.org/10.1145/3332165.3347943 

[66] Jessica J. Tran, Shari Trewin, Calvin Swart, Bonnie E. John, and John C. Thomas. 
2013. Exploring Pinch and Spread Gestures on Mobile Devices. In Proceedings 
of the 15th International Conference on Human-Computer Interaction with Mobile 
Devices and Services (MobileHCI ’13). Association for Computing Machinery, New 
York, NY, USA, 151–160. https://doi.org/10.1145/2493190.2493221 

[67] Giovanni Maria Troiano, Esben Warming Pedersen, and Kasper Hornbæk. 2015. 
Deformable Interfaces for Performing Music. In Proceedings of the 33rd Annual 
ACM Conference on Human Factors in Computing Systems - CHI ’15. ACM Press, 
New York, New York, USA, 377–386. https://doi.org/10.1145/2702123.2702492 

[68] Ryan L. Truby, Michael Wehner, Abigail K. Grosskopf, Daniel M. Vogt, Sebastien 
G. M. Uzel, Robert J. Wood, and Jennifer A. Lewis. 2018. Soft Somatosensitive 
Actuators via Embedded 3D Printing. Submitted 1706383 (2018), 1–8. https: 
//doi.org/10.1002/adma.201706383 

[69] Karen Vanderloock, Vero Vanden Abeele, Johan A.K. Suykens, and Luc Geurts. 
2013. The Skweezee System: Enabling the Design and the Programming of 
Squeeze Interactions. In Proceedings of the 26th Annual ACM Symposium on User 
Interface Software and Technology - UIST ’13. ACM Press, New York, New York, 
USA, 521–530. https://doi.org/10.1145/2501988.2502033 

[70] Eduardo Velloso, Jayson Turner, Jason Alexander, Andreas Bulling, and Hans 
Gellersen. 2015. An Empirical Investigation of Gaze Selection in Mid-Air Gestural 
3D Manipulation. In Human-Computer Interaction – INTERACT 2015 (Lecture 
Notes in Computer Science), Julio Abascal, Simone Barbosa, Mirko Fetter, Tom 
Gross, Philippe Palanque, and Marco Winckler (Eds.). Springer International 
Publishing, Cham, 315–330. https://doi.org/10.1007/978-3-319-22668-2_25 

[71] Luc Vlaming, Jasper Smit, and Tobias Isenberg. 2008. Presenting Using Two-
Handed Interaction in Open Space. In 2008 3rd IEEE International Workshop on 
Horizontal Interactive Human Computer Systems. 29–32. https://doi.org/10.1109/ 
TABLETOP.2008.4660180 

[72] Johnty Wang, Nicolas Alessandro, Sidney Fels, and Bob Pritchard. 2011. SQUEEZY: 
Extending a Multi-Touch Screen with Force Sensing Objects for Controlling 
Articulatory Synthesis. In Proceedings of the International Conference on New 
Interfaces for Musical Expression. Oslo, Norway, 531–532. 

[73] Chihiro Watanabe, Alvaro Cassinelli, Yoshihiro Watanabe, and Masatoshi 
Ishikawa. 2014. Generic Method for Crafting Deformable Interfaces to Physically 
Augment Smartphones. In Proceedings of the Extended Abstracts of the 32nd Annual 
ACM Conference on Human Factors in Computing Systems - CHI EA ’14. ACM Press, 
New York, New York, USA, 1309–1314. https://doi.org/10.1145/2559206.2581307 

[74] Pierre Wellner. 1991. The DigitalDesk Calculator: Tangible Manipulation on a 
Desk Top Display. In Proceedings of the 4th Annual ACM Symposium on User Inter-
face Software and Technology (UIST ’91). Association for Computing Machinery, 
New York, NY, USA, 27–33. https://doi.org/10.1145/120782.120785 

[75] Andrew D. Wilson. 2009. Simulating Grasping Behavior on an Imaging Interactive 
Surface. In Proceedings of the ACM International Conference on Interactive Tabletops 
and Surfaces (ITS ’09). Association for Computing Machinery, New York, NY, 
USA, 125–132. https://doi.org/10.1145/1731903.1731929 

[76] Andrew D. Wilson, Shahram Izadi, Otmar Hilliges, Armando Garcia-Mendoza, 
and David Kirk. 2008. Bringing Physics to the Surface. In Proceedings of the 
21st Annual ACM Symposium on User Interface Software and Technology (UIST 
’08). Association for Computing Machinery, New York, NY, USA, 67–76. https: 
//doi.org/10.1145/1449715.1449728 

[77] Raphael Wimmer and Patrick Baudisch. 2011. Modular and Deformable Touch-
Sensitive Surfaces Based on Time Domain Refectometry. In Proceedings of the 
24th Annual ACM Symposium on User Interface Software and Technology - UIST 
’11. ACM Press, New York, New York, USA, 517–526. https://doi.org/10.1145/ 
2047196.2047264 

[78] Jacob O. Wobbrock, Leah Findlater, Darren Gergle, and James J. Higgins. 2011. 
The Aligned Rank Transform for Nonparametric Factorial Analyses Using Only 
Anova Procedures. In Proceedings of the SIGCHI Conference on Human Factors in 
Computing Systems. Association for Computing Machinery, New York, NY, USA, 
143–146. 

[79] Katrin Wolf, Christian Müller-Tomfelde, Kelvin Cheng, and Ina Wechsung. 2012. 
PinchPad: Performance of Touch-Based Gestures While Grasping Devices. In 
Proceedings of the Sixth International Conference on Tangible, Embedded and 
Embodied Interaction. 103–110. 

[80] Lining Yao, Ryuma Niiyama, Jifei Ou, Sean Follmer, Clark Della Silva, and Hiroshi 
Ishii. 2013. PneUI: Pneumatically Actuated Soft Composite Materials for Shape 
Changing Interfaces. In Proceedings of the 26th Annual ACM Symposium on User 
Interface Software and Technology (UIST ’13). ACM, New York, NY, USA, 13–22. 
https://doi.org/10.1145/2501988.2502037 

[81] Sang Ho Yoon, Ke Huo, Yunbo Zhang, Guiming Chen, Luis Paredes, Subramanian 
Chidambaram, and Karthik Ramani. 2017. iSoft : A Customizable Soft Sensor 
with Real-Time Continuous Contact and Stretching Sensing. In Proceedings of the 
30th Annual ACM Symposium on User Interface Software and Technology - UIST 
’17. ACM Press, New York, New York, USA, 665–678. https://doi.org/10.1145/ 
3126594.3126654 

https://doi.org/10.1145/3126594.3126652
https://doi.org/10.1145/3131277.3132180
https://doi.org/10.1007/s10055-014-0256-y
https://doi.org/10.1145/2556288.2557340
https://doi.org/10.1145/2380116.2380180
https://doi.org/10.1145/2380116.2380180
https://doi.org/10.1145/2642918.2647405
https://doi.org/10.1145/3025453.3025663
https://doi.org/10.1145/2658779.2658787
https://doi.org/10.1177/0018720811420256
https://doi.org/10.1145/1935701.1935744
https://doi.org/10.1145/3279778.3279799
https://doi.org/10.1145/3279778.3279799
https://doi.org/10.1197/S0894-1130(03)00159-5
https://doi.org/10.1145/2470654.2470688
https://doi.org/10.1145/2380116.2380182
https://doi.org/10.1145/2047196.2047263
https://doi.org/10.1145/2047196.2047263
https://doi.org/10.1145/2702613.2732801
https://doi.org/10.1145/3332165.3347943
https://doi.org/10.1145/2493190.2493221
https://doi.org/10.1145/2702123.2702492
https://doi.org/10.1002/adma.201706383
https://doi.org/10.1002/adma.201706383
https://doi.org/10.1145/2501988.2502033
https://doi.org/10.1007/978-3-319-22668-2_25
https://doi.org/10.1109/TABLETOP.2008.4660180
https://doi.org/10.1109/TABLETOP.2008.4660180
https://doi.org/10.1145/2559206.2581307
https://doi.org/10.1145/120782.120785
https://doi.org/10.1145/1731903.1731929
https://doi.org/10.1145/1449715.1449728
https://doi.org/10.1145/1449715.1449728
https://doi.org/10.1145/2047196.2047264
https://doi.org/10.1145/2047196.2047264
https://doi.org/10.1145/2501988.2502037
https://doi.org/10.1145/3126594.3126654
https://doi.org/10.1145/3126594.3126654


Squeezy-Feely CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

[82] Sang Ho Yoon, Luis Paredes, Ke Huo, and Karthik Ramani. 2018. MultiSoft: Soft Deformation Classifcation. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 
Sensor Enabling Real-Time Multimodal Sensing with Contact Localization and 2, 3 (Sept. 2018), 145:1–145:21. https://doi.org/10.1145/3264955 

https://doi.org/10.1145/3264955

	Abstract
	1 Introduction
	2 Related Work
	2.1 Hand-Grip Performance
	2.2 Deformation Interaction
	2.3 Thumb-to-Finger & Pinching Interaction

	3 Methodology
	3.1 Task
	3.2 Design
	3.3 Study Setup & Apparatus
	3.4 Procedure
	3.5 Participants
	3.6 Analysis

	4 Results
	4.1 Accuracy
	4.2 Task Completion Time
	4.3 Crossings
	4.4 Jitter
	4.5 Questionnaires & Subjective Feedback

	5 Discussion & Implications
	5.1 Size Matters: Avoid Too Small Spans
	5.2 Don't Underestimate the Force: Use a Counterforce for Higher Accuracy
	5.3 Avoid Top-to-Bottom
	5.4 High Scaling Allowed
	5.5 Implications for Mid-Air Pinching Gestures

	6 Limitations & Future Work
	6.1 Validity & Applicability
	6.2 Fatigue
	6.3 Mapping Counterforces to Materials
	6.4 Selection Method

	7 Conclusion
	Acknowledgments
	References



