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Abstract
Visual object recognition depends in large part on a domain-general ability (Richler et al. Psychol Rev 126(2): 226–251, 
2019). Given evidence pointing towards shared mechanisms for object perception across vision and touch, we ask whether 
individual differences in haptic and visual object recognition are related. We use existing validated visual tests to estimate 
visual object recognition ability and relate it to performance on two novel tests of haptic object recognition ability (n = 66). 
One test includes complex objects that participants chose to explore with a hand grasp. The other test uses a simpler stimulus 
set that participants chose to explore with just their fingertips. Only performance on the haptic test with complex stimuli 
correlated with visual object recognition ability, suggesting a shared source of variance across task structures, stimuli, and 
modalities. A follow-up study using a visual version of the haptic test with simple stimuli shows a correlation with the origi-
nal visual tests, suggesting that the limited complexity of the stimuli did not limit correlation with visual object recognition 
ability. Instead, we propose that the manner of exploration may be a critical factor in whether a haptic test relates to visual 
object recognition ability. Our results suggest a perceptual ability that spans at least across vision and touch, however, it may 
not be recruited during just fingertip exploration.

Introduction

People vary more than they realize in their ability to recog-
nize objects visually (Gauthier, 2018). Visual tests of object 
recognition ability with good psychometric properties are a 
recent development (Dennett et al., 2012; McGugin et al., 
2012; Richler et al., 2017, 2019). The availability of these 
tests made it possible to use a latent variable approach, 
which uses common variance across tasks to measure psy-
chological constructs. A large portion of the variance shared 
across several tasks and for different object categories was 
captured by a single higher-order latent variable (Richler 
et al., 2019; Sunday et al., 2021). This provided evidence 
for a domain-general object recognition ability, o, which is 
not strongly correlated with general intelligence. Whether 
this ability is strictly visual or extends to other modalities is 
unknown. Here, we offer the first tests designed to measure 
individual differences in haptic object recognition and relate 
these to individual differences in visual object recognition. 

Our first goal is to ask if there are reliable individual differ-
ences in object recognition for a modality other than vision. 
These are the first examples of what should eventually be a 
large collection of different haptic tests with different object 
categories and tasks to facilitate the exploration of the hier-
archical structure in individual differences using methods 
from areas such as personality or intelligence. Until a suf-
ficient number of reliable tests of haptic object recognition 
are available to assess the existence of a latent haptic object 
recognition factor, we can pursue simpler questions. There-
fore, our second goal is to ask whether visual object recogni-
tion ability (ov) is correlated with individual differences on 
single reliable haptic object recognition tests.

Haptic perception relies on a combination of cutaneous 
sensory inputs from receptors under the skin and kinesthetic 
sensory inputs from mechanoreceptors in joints, tendons, 
and muscles to extract geometric and material properties 
such as surface texture and object shape (Lederman & 
Klatzky, 2009). While humans mainly recognize objects 
visually, we can at times rely almost exclusively on touch: 
perhaps to find something in a bag while our eyes are oth-
erwise occupied.

Even though less is known about object recognition 
in the haptic modality than in vision, evidence suggests 
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overlapping mechanisms between the two modalities. Fast 
and accurate object recognition is possible with haptic 
information (Klatzky & Lederman, 1995; Klatzky et al., 
1985). Similarity ratings and derived perceptual spaces of 
objects across modalities are highly correlated (Cooke et al., 
2007; Gaissert et al., 2010). Both when categorized visu-
ally and haptically, object pairs within a category have a 
lower distance in perceptual space than object pairs from 
different categories (Gaissert & Wallraven, 2012). Upwards 
of 150 high-fidelity object representations can be stored in 
long-term memory for both modalities (Brady et al., 2008; 
Hutmacher & Kuhbandner, 2018). Visual and haptic object 
recognition are similarly viewpoint-dependent (Edelman & 
Bülthoff, 1992; Newell et al., 2001). In addition to similari-
ties in behavior, the processing of haptic and visual infor-
mation recruits common extrastriate regions, suggesting 
multisensory representations (Amedi et al., 2002; Sathian 
et al., 2011; Snow et al., 2013).

Despite such similarities, other evidence reveals differ-
ences between visual and haptic perception. Extraction of 
features in haptic perception uses hand movements that are 
typically serial (Lederman & Klatzky, 1987), while at least 
the initial encoding of visual features is parallel (e.g., Buetti 
et al., 2016). Haptic object perception weights shape and 
texture features equally while vision favors shape over tex-
ture (Cooke et al., 2007). Objects are most efficiently recog-
nized by hand exploration with their primary axis parallel 
or orthogonal to the body (Woods et al., 2008), while visual 
object recognition is often best with the objects’ primary 
axis rotated 45° relative to the viewer (Palmer et al., 1981). 
Although unimodal object identification and recognition 
performance are similar in both modalities using the same 
objects, cross-modal performance is asymmetrical, with 
better performance when visual stimuli are encoded first 
(Desmarais et al., 2017; Lacey & Campbell, 2006). Neural 
activation patterns for touch and visual imagery are similar 
for familiar objects but less so for unfamiliar shapes (Lacey 
et al., 2010, 2014). Thus, while visual and haptic object rec-
ognition may to some extent rely on common mechanisms, 
there are important differences in the information that is 
encoded or the way it is acquired between the modalities.

Individual differences are a growing source of informa-
tion about visual object recognition, offering new insights 
into the functional organization of high-level vision and its 
relation to other cognitive skills (Gauthier, 2018; Richler 
et al., 2019; Wilmer, 2008). But there has been no system-
atic study of haptic object recognition abilities, let alone 
their correlation with visual object recognition abilities. To 
address this challenge, we need tests of haptic object rec-
ognition ability with sufficient reliability—a measurement 
property necessary for the study of individual differences. 
While most readers will be familiar with test–retest reliabil-
ity, in which participants’ scores correlate across different 

sessions, a simpler form of reliability is internal consistency, 
based on the correlations between different items (or trials) 
within the same test. Hedge et al. (2018) measured this reli-
ability on several classic cognitive psychology tasks. Even 
when the average expected effects were robust, these tasks 
often lacked sufficient reliability to measure consistent indi-
vidual differences. Many traditional experimental tasks are 
designed to limit subject-level variability to more effectively 
measure group-level effects. In doing so, however, they sac-
rifice the ability to consistently rank-order participants in the 
performance. In other words, traditional experimental tasks 
often lack the reliability to measure individual differences.

Here, we designed the first test of haptic recognition abili-
ties with novel 3D objects and assess whether performance 
on that test correlates with ov, estimated by the shared vari-
ance between two different visual tests with two different 
object categories. We also control for general intelligence 
estimated with the Raven’s Matrices. Additionally, we cre-
ated another haptic test of object recognition that encour-
ages fingertip exploration of small buttons to investigate the 
generalization to other kinds of haptic tasks and stimuli. 
We established the reliability of our haptic measurements. 
To preview the results: the recognition of complex novel 
objects using hand grasping does not correlate with recogni-
tion using fingertip exploration but correlates with ov, even 
after controlling for general intelligence, suggesting that o 
could generalize to at least some haptic tasks. A follow-up 
study shows that the visual version of the buttons test cor-
relates with ov, suggesting that fingertip exploration may rely 
on a haptic ability that does not tap into the object represen-
tations that support ov.

Study 1

Methods

Participants completed five tests in a fixed order to avoid 
order effects in our measured individual differences (Good-
hew & Edwards, 2019): haptic Novel Object Memory 
Test—buttons, haptic Matching Test—Spaceships, visual 
Novel Object Memory Test—Ziggerins, visual Matching 
Test—Sheinbugs, and Raven’s Progressive Matrices. All 
tests were presented using MATLAB with Psychtoolbox 3 
(Kleiner et al., 2007).

Participants

Seventy-three young adults from Vanderbilt University 
participated for course credit. To ensure we would gather 
meaningful evidence for or against significant differences, 
we employed a Bayesian stopping rule for data collec-
tion, initially collecting data from 50 participants and 
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adding participants until critical Bayes factors reached the 
threshold for substantial evidence, BF+0 > 3 or BF+0 < 1/3 
(Jeffreys, 1961). To reduce the possibility that correla-
tions may be inflated by participants with low motivation 
across tasks or failing to comply with procedures, those 
who scored below chance on any object recognition test 
and also had reaction times at least one standard devia-
tion away in either direction from the mean in that test 
(though most excluded participants were two standard 
deviations away) were excluded from the final analysis. 
This procedure resulted in a final sample size of 66 (mean 
age = 18.97 years, SD = 1.04 years; 48 female). Fifty-two 
participants were right-handed as measured by Edinburgh 
Handedness Inventory (Oldfield, 1971). The entire study 
was completed in approximately 90 min. Informed consent 
was obtained, and procedures were approved by the Van-
derbilt University Institutional Review Board.

Visual tests used to estimate ov

The two visual tests chosen to estimate ov differ both in the 
task demands and the object category used, such that an 
aggregate (Rushton et al., 1983) should tap into a domain-
general ability rather than idiosyncratic variability specific 
to the constraints of each test. Prior structural equation 
modeling (Richler et al., 2019; Sunday et al., 2021) with 
a large number of similar visual tests found strong evi-
dence for a common factor, even though the correlations 
between different tests using different object categories 
are in the 0.2 to 0.4 range. These correlations are attenu-
ated due to measurement error but are also limited because 
they exclude construct-irrelevant variance related to task 
or category.

Visual matching—Sheinbugs (vMatch‑Sheinbugs)

This test required participants to quickly determine if two 
objects (from a set of 50 Sheinbugs—see Fig. 1a) presented 
serially were the same or different (Richler et al., 2019; 
Sunday et al., 2021). The test began with six practice trials 
followed by 360 test trials. On each trial, a fixation cross 
was presented for 500 ms, followed by the presentation of 
the first Sheinbug, followed by a visual mask of scrambled 
Sheinbug parts for 500 ms, followed by a second Sheinbug 
remaining on the screen for up to 3000 ms until a response of 
either same (using the G key) or different (using the H key). 
Timed-out trials were considered incorrect. Participants 
were instructed to respond as quickly and accurately as pos-
sible. The first image was presented either for 300 ms (in the 
first 180 trials) or 150 ms (in the latter half) to vary the dif-
ficulty. The first and second images of the Sheinbugs could 
differ in size, brightness, or viewpoint. Participants were 
offered breaks every 90 trials. The test was scored based on 
the sensitivity (d`), with a chance level at 0.

Visual novel object memory test—Ziggerins 
(vNOMT‑Ziggerins)

This test required participants to learn exemplars and later 
recognize them amongst distractors (Richler et al., 2017; 
Sunday et al., 2021). The test began with the presentation 
of the six target exemplars at once. Participants could study 
the six novel objects (Ziggerins—see Fig. 1b) for as long 
as they needed before beginning test trials. Test trials pre-
sented one of the six target Ziggerins alongside two distrac-
tors. Participants were instructed to respond with the key 
(F, G, or H) corresponding to the relative position of the 
target Ziggerin on the screen. After 24 trials, participants 

Fig. 1   Example stimuli. a Example Sheinbug stimulus, every Shein-
bug has similar components and configuration. The top row is two 
different Sheinbugs, the bottom row are the same examples rotated. b 
Example Ziggerin stimulus, every Ziggerin has a similar vertical rod 

structure with two geometric protrusions. The top row is two different 
Ziggerins, the bottom row are the same examples rotated. c Example 
Spaceship mounted onto a wooden base. The top row are two differ-
ent spaceships, the bottom row are the same spaceships rotated
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were told that the remaining trials would present Ziggerins 
in new orientations and to ignore these orientation differ-
ences. Participants were then presented with the six target 
Ziggerins for review. Another 24 trials were then presented 
with rotated target Ziggerins. Percent correct over 48 trials 
was used to index performance on the test, with a chance 
level at 33% accuracy.

Haptic test development

Haptic tests were developed in an iterative manner in pilot 
studies. As there were no previously developed haptic tests 
of object recognition ability, we developed new haptic tests 
based on similar visual tests (e.g., Richler et al., 2019). Tests 
were modified through several iterations to maximize reli-
ability (based on internal consistency and item-total cor-
relations) and to include a range of item difficulties. Haptic 
testing takes longer than visual testing and while more trials 
lead to higher reliability, we compromised by selecting trials 
for each test to be completed within approximately 25 min.

Haptic tests were conducted with the participant sitting 
beside an experimenter, each looking at separate screens, 
divided by a curtain that remained in place throughout the 
experiment. Participants practiced reaching for and explor-
ing practice objects on the side of the experimenter behind 
the curtain to familiarize themselves with the experiment 
setup. First, participants practiced reaching around the cur-
tain to briefly grasp three practice objects at three designated 
positions (these positions remained the same throughout 
the experiment). Afterwards, participants practiced rapidly 
grasping an object, briefly exploring it, and quickly returning 
their dominant hand back to the keyboard in front of them on 
cue. None of the haptic objects used in the experiment were 
ever visible to the participants. Objects were entirely man-
aged by the experimenter as instructed by the experimenter’s 
screen. Each object was fastened to the table using Velcro on 
the three designated positions, approximately 12cms apart. 
Outside of this initial practice phase, the experimenter did 
not communicate with the participant except for brief clari-
fications as necessary. All instructions were presented on the 
participant’s screen. The experiment setup was laid out for 
each participant based on handedness (so they sat to the right 
or left of the experimenter), such that objects could be easily 
reached by participants’ dominant hand. Participants were 
instructed to use only their dominant hand for the haptic tests 
including for keyboard responses, avoiding any concerns of 
non-dominant hand acuity or bimanual coordination vari-
ability (Treffner & Turvey, 1996; Vines et al., 2008).

Haptic matching—spaceships (hMatch‑spaceships)

This test required participants to quickly determine if two 
sequentially presented objects were the same or different. 

This test used a set of 27 3D-printed spaceships1 from a stim-
ulus space defined by three morphable dimensions (Fig. 1c). 
Spaceships were designed to be palm-sized, approximately 8 
cm in its longest dimension. Trials were originally designed 
to achieve a range of difficulties based on similarity along 
the three dimensions. The final test was created after two 
rounds of pilot data collection and adjustments. On each 
iteration, we collected data from an extended version of the 
test and replaced trials with low item-total correlations. For 
the final test presented here, we used the Spearman-Brown 
prophecy formula (Brown, 1910; Spearman, 1910) to predict 
the number of trials necessary to achieve a reliability of 0.8 
based on the last iteration. We thus selected 62 trials based 
on the following constraints: trial difficulty based on the 
last iteration should be roughly equal across bins of 0.1 and 
within this constraint, we used the trials with the highest 
item-total correlations. In the final test, not all spaceships 
are used equally often, our focus is on achieving good reli-
ability alongside a range of difficulties.2 Spaceships were 
mounted on wooden bases. Most trials presented spaceships 
with a consistent "viewpoint" orthogonal to the body; some 
trials presented a spaceship rotated 180 degrees during the 
presentation to further increase difficulty.

On each trial, participants held the spacebar for at least 
500 ms to begin the trial. Once the participant released the 
spacebar, they were instructed to reach behind the curtain 
with the same hand that had held the spacebar to explore a 
single spaceship for 4000 ms3 after which the participant 
was prompted to return that hand to the spacebar as quickly 
as possible by a tone and instruction on screen. If the par-
ticipant failed to return their hand to the spacebar within 
1000 ms of the prompt, they were instructed to perform the 
procedure faster. Afterwards, exploration was once again 
initiated by holding down the spacebar for at least 500 ms. 
When the participant released the spacebar, the participant 
was prompted to explore the spaceship with that hand and 
determine whether this spaceship and the previously pre-
sented spaceship were the same or different regardless of 
rotation within 8000 ms. Timed-out trials were considered 
incorrect. Participants responded with their dominant hand 
using keys marked for same or different on the left and right 

1  The 3D models have three spatially distinct feature dimensions 
(nosecone, wings, and rocket) connected by a central hull. Each fea-
ture had two variants modeled and the stimulus space was created by 
morphing between the variants as extremes.
2  As trials are not randomized across participants, any possible biases 
due to stimuli distribution are shared across all participants. Our criti-
cal interest is variability across tasks between participants, the abso-
lute performance within a single task is not as informative.
3  Tightly controlling exposure timing is difficult in haptic testing 
thus we opt not to vary first object exposure timing for difficulty as 
in vMatch-Sheinbugs, nonetheless, this is a relatively short period for 
haptic perception.
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side of the keyboard, respectively. The next trial began as 
soon as the participant responded. They were instructed to 
respond as quickly and accurately as possible.

While participants were not instructed on how to explore 
the spaceships, informal observation by the experimenters 
revealed that participants almost invariably used a circu-
lar precision grasp, involving only distal and intermediate 
phalanges (Cini et al., 2019). There was not much time for 
additional exploration, but participants sometimes pinched 
or rubbed their fingers on individual parts.

One practice trial provided feedback to the participant 
and repeated if they responded incorrectly, were too slow to 
respond or returned to the spacebar too slowly during expo-
sure. This was followed by the 62 test trials, roughly ordered 
by difficulty based on the last round of pilot data. Half of 
the trials had matching spaceships while the other half had 
different spaceships. Participants were offered a break after 
31 trials. Sensitivity (d`) was used to index performance on 
this test, with a chance level at 0.

Haptic novel object memory test—buttons 
(hNOMT‑buttons)

This test required participants to remember six target buttons 
and perform a three-alternate forced-choice task selecting 
for one of the targets. The structure of the test is based on 
a visual version of the NOMT by Richler and colleagues 
(2017). The fingertip-sized buttons were mounted onto index 
cards (Fig. 2a) and presented to participants in the desig-
nated position closest to them.

In the practice phase, participants were first presented 
with a single practice object to familiarize themselves with 

the study procedure (Fig. 2b). At the beginning of a study 
trial, participants were instructed to hold down the space-
bar for at least 500 ms to begin the trial. Once the partici-
pant released the spacebar, they were instructed to reach 
behind the curtain with that same hand and explore the 
object presented at the center of an index card in the des-
ignated location. Participants explored the object for 8000 
ms. Afterwards, the participant was prompted to return their 
hand to the spacebar as quickly as possible by the instruc-
tion screen and a tone. If the participant failed to return to 
the spacebar within 1000 ms, they were instructed to per-
form the procedure faster. Three test trials with arrays of 
three objects followed each study trial. Participants initiated 
each test trial by holding down the spacebar for at least 500 
ms. Upon spacebar release, participants were instructed to 
reach behind the curtain and freely explore an array of three 
objects. The participant responded with the F, G, or H key 
on the keyboard indicating the relative position of the target 
object to terminate the trial. They were instructed to respond 
as quickly and accurately as possible. There was no time 
limit for test trials and accuracy feedback was given only 
during the practice phase.

In the learning phase, participants studied six target but-
tons relevant through the entire test. Each target button was 
introduced to the participant with a study trial followed by 
three test trials using that target button with easy distractors 
with obvious differences to all target buttons. No feedback 
was given during the learning phase test trials. After the 
six target buttons had been studied and tested, participants 
were given a review period where each target button was 
presented individually. During the review, there was no time 
limit on exploring a button, but each target button was only 
reviewed once in the order of the initial presentation.

Again, participants were not instructed on how to explore 
the buttons, but informal observation by the experimenters 
revealed that participants almost invariably explored them 
by rubbing and moving their fingertips on the items that 
were fixed on the cardboard. They could not be picked up or 
be fully enclosed with a grasp.

In the test phase, participants performed 41 test trials. 
Each trial presented an array with a target button and two 
distractors. Participants did not know which target button 
would be used on each trial. No feedback was given during 
the test phase and test trial timings mirrored test trials in 
the study phase. The trials were developed in pilot studies 
where distractors were chosen for each target to create a 
range of difficulty across trials while maximizing reliability. 
The same procedures used in the development of hMatch-
Spaceships across two iterations were used to create the 
final test: the 18 easiest trials (3 for each target button) were 
chosen for practice and 41 other trials were selected as test 
trials to maximize the distribution of difficulty and item-total 
correlations. For this purpose, the six target buttons were 

Fig. 2   The haptic Novel Object Memory Test with button stimuli. a 
Example stimuli on a single trial mounted on an index card as pre-
sented to participants. b Schematic of the learning phase. Each tar-
get is studied once, followed by three test trials. The test phase only 
includes test trials with the targets interleaved
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not used in equal proportion, because our focus is chiefly on 
reliability and a range of difficulty. In the final test, the trials 
were roughly ordered in increasing difficulty based on pilot 
data. Following the procedures of the visual version of this 
test, the test trials in the learning phase and the test phase 
were used in scoring this test, totaling to 59 trials, with a 
chance level of 33% accuracy. Scoring the test with only the 
test trials does not drastically change results.

General intelligence (Raven’s progressive matrices; 
RAPM)

We used a computerized version of the RAPM to estimate 
fluid intelligence (Raven, 2000). On each trial, a 3 × 3 matrix 
of images with the bottom right image removed was pre-
sented. Participants were tasked to select the correct image 
missing from the matrix among a set of eight alternatives 
to complete the pattern. A total of 18 trials were ordered 
from easiest to hardest and participants were given 10 min 
to complete as many trials as possible (with no time limit 
on individual trials). Total correct was used to index perfor-
mance on the test.

Analysis

We used a Bayesian framework to perform our correla-
tion analysis with a Jeffreys-Zellner-Siow prior (Wetzels & 
Wagenmakers, 2012). Bayesian hypothesis testing encour-
ages the specification of competing models so that we could 
test which one is better supported by data. In this study, 
the two competing models were that of a shared mechanism 
between visual and haptic abilities (a positive correlation; 
H1) compared to independence (no correlation; H0). While 
a lack of correlation does not necessarily mean completely 
independent mechanisms, we specifically point to independ-
ence as a parsimonious model for a potentially complex rela-
tion across modalities of perception. We report BF+0, which 
provides the relative likelihood of a directional hypothesis 
H+ over H0. This directional Bayesian test does not suffer 
from the same limitations as a directional frequentist test. 

With the latter, researchers are insensitive to situations 
where data support a correlation in the non-predicted direc-
tion (in that case the decision is non-significant). The biggest 
difference between a directional and non-directional Bayes-
ian test (BF+0 vs. BF10) is that when the effect is in the oppo-
site direction, the evidence becomes much less favorable 
to H1 and much more favorable towards H0 (Wagenmakers 
et al., 2016). When the effect goes in the predicted direction, 
BF+0 may be larger than BF10 by no more than a factor of 
2, and when the effect is 0, the two BFs are identical. The 
use of BF+0 is, therefore, more sensitive to the difference 
between the two competing models than a non-directional 
BF10. We used 95% highest posterior densities as credible 
intervals (95% CI) to index the uncertainty of our point 
estimates. These credible intervals have a straightforward 
interpretation in that the true value of the point estimate has 
a 95% probability of being within the interval.

Results

Descriptive statistics for performance and reliability (inter-
nal consistency) in each test are reported in Table 1. Aver-
age sensitivity (d` = 0.36) for the vMatch-Sheinbugs was 
lower than in studies where that same test was preceded 
with a vNOMT with the same object category (d` of 0.82, 
Richler et al., 2019; or 0.70 in Sunday et al., 2021).4 This, 
however, does not seem to adversely affect individual dif-
ferences, since the correlation between the vNOMT and the 
vMatching test (r = 0.29, 95% CI [0.05, 0.52], BF+0 = 3.30) 
is similar to that in prior work (r = 0.35 in Richler et al., 
2019; r = 0.34 in Sunday et al., 2021). Scores for the two 
visual tests were z-scored and averaged to estimate ov.

Table 1   Descriptive statistics 
for each test

Reliability for individual tests are Spearman-Brown reliability for matching tests with d’ and McDonald’s 
omega otherwise. ov reliability is aggregate reliability of vMatch-Sheinbugs and vNOMT-Ziggerins with 
equal weighting (Wang & Stanley, 1970). RAPM has a maximum score of 18

Test Mean (SD) Reliability

hNOMT-buttons (percent accuracy) 83.23% (8.78%) 0.72
hMatch-Spaceships (percent accuracy, d`) 75.27% (8.61%), 1.43 (0.57) 0.67, 0.54
vNOMT-Ziggerins (percent accuracy) 64.71% (12.82%) 0.78
vMatch-Sheinbugs (percent accuracy, d`) 56.51% (5.41%), 0.36 (0.29) 0.75, 0.71
ov (mean z-score) 0 (0.80) 0.80
RAPM (total correct) 10.58 (2.94) 0.67

4  We believe learning on the preceding vNOMT using Sheinbugs 
is the main reason for this because our subjects have very compara-
ble performance on the vNOMT with Ziggerins as in previous work 
(65.2% in Richler et al., 2019; 61% in Sunday et al., 2021).
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Zero-order correlations are reported in Table 2. Between 
hMatch-Spaceships and ov, we found substantial evidence 
for a positive correlation relative to no correlation. The 
best estimate of the true effect size, after disattenuation 
given the reliabilities of the tests (Spearman, 1907), is 
r = 0.52. Interestingly, we also found substantial evidence 
against a positive correlation between ov and hNOMT-
buttons and between the two haptic tests. A symmetrical 
test comparing evidence for any correlation against the null 
also provided evidence in favor of no correlation between 

hNOMT-buttons and ov (BF01 = 7.26) as with hMatch-
Spaceships (BF01 = 7.61). Evidence against a positive cor-
relation between the two haptic tests remained even after 
controlling for RAPM scores, r = 0.09, 95% CI [− 0.15, 
0.33], BF+0 = 0.31 (Fig. 3a). The partial correlation between 
hMatch-Spaceships and ov, controlling for RAPM scores, 
was r = 0.35, 95% CI [0.12, 0.57], BF+0 = 24.68 (Fig. 3b) 
while that between hNOMT-buttons and ov is r = 0.12, 95% 
CI [− 0.11, 0.36], BF+0 = 0.41 (Fig. 3c).

Table 2   Matrix of pairwise 
correlations with 95% CI for 
each test and ov

Directional Bayes factors (BF+0) are on the second line. BF+0 > 3 is typically the threshold for moderate 
evidence towards a correlation while BF+0 < 0.33 is typically the threshold for moderate evidence for no 
correlation

ov hMatch-spaceships hNOMT-buttons

RAPM 0.16 [− 0.08, 0.41]
BF+0 = 0.44

− 0.04 [− 0.28, 0.20]
BF+0 = 0.08

− 0.10 [− 0.35, 0.14]
BF+0 = 0.05

hNOMT-buttons 0.10 [− 0.14, .35]
BF+0 = 0.22

0.09 [− 0.15, 0.34]
BF+0 = 0.20

_

hMatch-spaceships 0.34 [0.11, 0.57]
BF+0 = 12.40

_

Fig. 3   Scatterplots of tests controlling for Raven’s performance. Each 
circle is a participant. The fit line with 95% credible intervals is plot-
ted. a Scatterplot of hMatch-Spaceships performance residuals and 
hNOMT-buttons performance residuals after controlling for RAPM 

performance. b Scatterplot of hMatch-Spaceships performance resid-
uals and ov residuals after controlling for RAPM. c Scatterplot of 
hNOMT-buttons performance residuals and ov residuals after control-
ling for RAPM

Table 3   Matrix of partial 
correlations with 95% CI for 
each test, controlling for RAPM

Directional Bayes factors (BF+0) are on the second line. BF+0 > 3 is typically the threshold for moderate 
evidence towards a correlation while BF+0 < 0.33 is typically the threshold for moderate evidence for no 
correlation

hNOMT-buttons hMatch-spaceships vMatch-Sheinbug

vNOMT-Ziggerins 0.10 [− 0.13, 0.34]
BF+0 = 0.36

0.33 [0.09, 0.57]
BF+0 = 11.80

0.28 [0.04, 0.52]
BF+0 = 4.04

vMatch-Sheinbug 0.09 [− 0.16, 0.33]
BF+0 = 0.29

0.24 [0.00, 0.32]
BF+0 = 2.14

–

hMatch-spaceships 0.09 [− 0.15, .33]
BF+0 = 0.31

– –
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We found that performance on the hNOMT-buttons is 
not related to the shared variance between our visual tests 
(ov). Still controlling for RAPM performance, we explored 
whether this test might correlate with each of the individual 
visual tests or the other haptic test (Table 3). We found no 
evidence supporting a positive correlation between hNOMT-
buttons and each of the individual visual tests. Notably, the 
visual and haptic versions of the NOMT share task demands 
and structures and yet do not correlate any more than 
vMatch-Sheinbug and hNOMT-buttons.

While we found that hMatch-Spaceships is related to 
ov, hNOMT-buttons do not seem to tap into this domain-
general ability, nor into task-specific variance from indi-
vidual visual tests and not even into the haptic ability meas-
ured by the hMatch-Spaceships. Note that if anything, we 
observed lower reliability in the hMatch-Spaceships than in 
the hNOMT-buttons, so we are not concerned that the pat-
tern of correlations is due to a limitation in reliability. There 
are three main differences between the two haptic tests that 
may account for the difference in how hMatch-Spaceships 
and hNOMT-buttons relate to our other tests. The first is 
the task format: a matching task vs. a learning task. We do 
not believe this accounts for the difference given extensive 
evidence in large visual studies that different tasks can tap 
into a common ability (Richler et al, 2019; Sunday et al., 
2021). Since we estimated ov based on an aggregate of visual 
learning and matching tests, if the task was critical, there 
should still be a small but consistent correlation driven by 
the learning task procedures. Indeed, when looking at the 
correlation between the two learning tests across modali-
ties (hNOMT and vNOMT), the magnitude of the correla-
tion is similar to the correlation within the haptic modality 
(hNOMT and hMatch; Table 3). A second difference is the 
manner of exploration of these objects. Participants mostly 
chose to explore spaceships using a circular precision grasp 
involving distal and middle phalanges, with fingers free to 
wrap around the objects. In contrast, the nearly-flat buttons 
affixed to cardboard did not allow such a grasp and par-
ticipants chose to explore them with their fingertips. This 
is a plausible explanation for the difference in the abilities 
recruited by the two tests based on prior work showing 
distinct exploratory patterns and recognition performance 
between restricted flattened stimuli and freely manipulated 
stimuli (Cashdan, 1968; Lederman & Klatzky, 1987). How-
ever, there is a third difference that we wanted to eliminate 
as a potential explanation5: buttons were simpler than the 
spaceships, which are more comparable in their complex-
ity to the Sheinbug and Ziggerin objects that we used to 

estimate ov. To test whether this factor limited the correla-
tion between the buttons test and ov, in “Study 2” we created 
a visual version of the hNOMT-buttons test. If performance 
in a visual NOMT-buttons correlates with ov, it would pro-
vide some evidence against the idea that hNOMT-buttons 
did not correlate with ov primarily because the stimuli were 
simpler.

Study 2

Method

Participants completed three online tests in a fixed order: 
visual NOMT-buttons, vNOMT-Ziggerins, and vMatch-
Sheinbugs. vNOMT-Ziggerins was modified such that par-
ticipants would click the objects for responses instead of 
responding with a keyboard. vMatch-Sheinbugs was modi-
fied such that participants responded same/different using 
on-screen buttons and we randomly removed a fifth of the 
trials to save time and avoid fatigue. We did not collect 
data for general intelligence because we only found weak 
inconclusive correlations with all other tests and previous 
results showed that the correlation between visual tests do 
not depend on it.

Participants

Eighty-seven adults participated in the experiment from 
Amazon Mechanical Turk. Participants were all from the 
United States with over 95% approval rate on the website. To 
avoid inflation of correlations due to low motivation or fail-
ure to comply with procedures, we excluded 7 participants 
for poor performance and outlier reaction time on any test as 
in study 1 resulting in a final sample size of 80 participants 
(45 females; mean age = 42.36 years, SD = 13.00 years). 
The entire experiment was completed in approximately 45 
min. Informed consent was obtained, and procedures were 
approved by the Vanderbilt University Institutional Review 
Board.

Visual novel object memory test—buttons

Each haptic NOMT-buttons trial was photographed and con-
verted to grayscale to be presented online. Some trials had 
buttons that were rotated in the picture plane to reduce the 
diagnosticity of specularity cues; otherwise, the trials were 
directly converted from the haptic version. Trial order was 
preserved from the haptic version of this test. The proce-
dures were essentially the same as the haptic version. First, 
participants were instructed to remember single buttons so 
their memory could be tested against distractors later. It was 
noted that while rotation and position were not diagnostic, 

5  Note that we completed data collection on Study 1 at the beginning 
of the COVID-19 crisis and are therefore unable to collect any data 
for haptic tests for the near future.
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size was diagnostic for object identity. The task began with 
a practice phase with a single exposure of a button for 8000 
ms followed by three test trials. On each test trial, partici-
pants were asked which button has been studied. Participants 
responded by clicking on the buttons directly. There was no 
time limit. After the practice phase, a target button was pre-
sented singly for 8000 ms followed by three test trials where 
the target was the recently studied button. This was repeated 
until all six target buttons had been presented for the learn-
ing phase. Afterwards, each button was presented singly for 
4000 ms each as a review before a test phase of 41 test trials 
were presented where any of the six target buttons could 
appear. No feedback was given for any test trial. The 59 test 
trials in the learning phase and the test phase were used for 
scoring this test with a chance level of 33% accuracy.

Results

Descriptive statistics and reliability for each test are reported 
in Table 4. Performance on vMatch-Sheinbug was compa-
rable to in-lab results even with the shortened format sug-
gesting fatigue was not the cause for lower performance in 
experiment 1. vNOMT-Ziggerins and vMatch-Sheinbugs 
were correlated (r = 0.30, 95% CI [0.09, 0.51], BF+0 = 7.93); 
their scores were z scored and averaged to estimate ov. We 
found moderate evidence for a positive correlation between 
ov and vNOMT-buttons (r = 0.33, 95% CI [0.12, 0.53], 
BF+0 = 7.93). Accounting for the reliability of our meas-
ures, the disattenuated correlation was r = 0.42. This sug-
gests that a visual test using the same buttons (and trials) as 
the hNOMT-buttons task taps into ov. The relative simplic-
ity of the buttons does not appear to be why the haptic test 
with Spaceships but not that with buttons was related to ov 
in “Study 1”.

Discussion

We set out to create tests of object recognition ability in 
haptic perception and ask whether haptic object recognition 
ability relates to visual object recognition ability (ov). We 

developed two new tests of haptic object recognition ability 
with acceptable reliability: hMatch-Spaceships require the 
matching of 3D novel objects that can be grasped with the 
hand, and hNOMT-buttons is a memory test requiring the 
recognition of relatively flat objects studied with the finger-
tips. We found evidence supporting a positive correlation 
between hMatch-Spaceships and our estimates of visual 
object recognition ability, ov, even after controlling for gen-
eral intelligence. Across recent studies, o has been described 
as a domain-general ability relevant to the visual recognition 
of familiar and novel objects (Richler et al., 2017; Sunday 
et al., 2021). This domain-general ability correlates with 
performance in visual tasks as diverse as the recognition of 
musical notation (Chang & Gauthier, 2021) or the detection 
of tumors in chest x-rays (Sunday et al., 2018). Our results 
are the first to show ov correlates with individual differences 
in a non-visual task, thereby suggesting that it may reflect 
mechanisms common to visual and haptic recognition.

The correlation between hMatch-Spaceships and ov 
may be explained by their reliance on shape features. 
The Spaceships used in the haptic Matching test and the 
Sheinbugs and Ziggerins in the visual tests can be best 
discriminated from other objects with the same category 
by their shape, given that surface properties like texture 
or color do not vary within a category. Our results point 
towards a perceptual ability that relies on shape perception 
mechanisms common to vision and touch. This is consist-
ent with behavioral and neural evidence of overlapping 
visual representations for haptic and visual object recog-
nition (Amedi et al., 2002; Gaissert et al., 2010; Sathian 
et al., 2011; Snow et al., 2013). Shape perception may be 
a significant component of ov as shape is a salient feature 
in defining object identity (Landau & Leyton, 1999; Rosch 
et al., 1976) and is more salient than texture features in 
visual similarity ratings (Cooke et al., 2007). Therefore, 
the shape-reliant hMatch-Spaceships may be tapping into 
shape perception mechanisms that are especially helpful in 
visual object recognition, driving the correlation between 
it and ov. Because our results cannot establish the exist-
ence of a latent construct centered on haptic object recog-
nition, it is difficult to specify the nature of the overlap. 
It is possible that there are no separate visual and haptic 

Table 4   Descriptive statistics 
for each test

Reliability for individual tests are Spearman-Brown reliability for vMatch-Sheinbugs d` and McDonald’s 
omega otherwise. ov reliability is aggregate reliability of vMatch-Sheinbugs and vNOMT-Ziggerins with 
equal weighting (Wang & Stanley, 1970)

Test Mean (SD) Reliability

vNOMT-buttons (percent accuracy) 85.78% (7.85%) 0.74
vNOMT-Ziggerins (percent accuracy) 59.32% (14.60%) 0.84
vMatch-Sheinbugs (percent accuracy and d`) 56.42% (6.21%), .39 (0.32) 0.80, 0.73
ov (mean z-score) 0 (0.81) 0.83
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abilities and it is a common factor o that points equally to 
visual and haptic skills, but it is also possible that evidence 
warrants separate visual and haptic factors, which could be 
correlated to some extent. Interestingly, the effect size of 
the relationship between hMatch-Spaceships and ov was 
similar to those typically observed between pairs of visual 
tests with different stimuli and task requirements. Whether 
this is the rule across a large set of haptic tests relying on 
shape perception remains to be demonstrated. In addition, 
object recognition itself does not exclusively rely on shape 
features (e.g., Cooke et al., 2007). The development of 
individual differences tests that tap into the visual process-
ing of non-shape features could support efforts to more 
fully relate haptic and visual object recognition.

In contrast to evidence of shared variance for our tasks 
relying on shape, performance in the hNOMT-buttons did 
not correlate with ov. We found Bayesian support against 
this correlation, as well as against a correlation between 
performance on this test and that on hMatch-Spaceships. 
To rule out the possibility that some property of the buttons 
stimulus set was responsible, such as their relative simplic-
ity compared to the objects in our other tests, we converted 
the haptic button test into a visual test. The vNOMT-buttons 
correlate with estimates of ov, suggesting that our findings 
in the haptic modality are not an idiosyncrasy of the buttons 
stimulus set.

The hNOMT-buttons and hMatch-Spaceships plausibly 
tap into different mechanisms, though we acknowledge 
that a lack of correlation provides insufficient evidence for 
such a strong conclusion. The interpretation is complicated 
by the fact that the two tasks differ on a few dimensions. 
First, learning and memory are more relevant to the NOMT 
format than to the Matching format. However, the shared 
variance between tests in both of these formats visually 
contributed to the estimate of ov, which did correlate with 
the vNOMT-buttons. Therefore, the learning and memory 
requirements of the hNOMT-buttons appear unlikely to limit 
its correlation with ov. Second, unlike the other stimulus 
sets, the buttons are not necessarily novel objects. However, 
it is unlikely that object familiarity is the critical factor, as 
object recognition ability with familiar and novel objects 
has been found to be very strongly correlated (Richler et al., 
2017; Sunday et al., 2021). Therefore, we suggest that the 
critical difference between the haptic and visual version of 
the NOMT-buttons, just as with the critical commonality 
between the hMatch-Spaceships and our visual tests, has to 
do with the type of information most useful for discrimina-
tion. The size and flat nature of the buttons mounted onto 
cards meant that information extraction was limited to the 
fingertips. In contrast, the Spaceships were less restrictive, 
allowing the encoding of large shape information through 
hand-grasping or smaller details using more intermediate 
grasps like pinches (in contrast, the manner of presentation 

of the buttons did not allow pinching of the buttons, only 
enclosing them with several fingertips, rubbing or tracing 
them). That is, while both types of objects have shape and 
texture features, the constraints to their exploration plausibly 
results in different types of features being used for object 
recognition. Early visuo-haptic object recognition research 
reported similar distinctions between simple flat texture-like 
objects compared to realistic complex objects (Cashdan, 
1968; Klatzky et al., 1985).

While we believe that the exploratory procedures (and 
therefore the type of information used for object discrimina-
tion) could be the critical difference between the two haptic 
tests, we did not manipulate this systematically. Participants 
were not instructed on how to manipulate, grasp, or touch 
the objects. How they chose to explore buttons vs. space-
ships was different and may have been constrained by the 
task (for instance, recognizing an object rather than picking 
it up or using it), the time limitations we imposed and the 
presentation (objects fixed to a horizontal surface).

Future work could more systematically study exploratory 
procedures by varying each of these factors. This may help 
to elucidate how different exploratory procedures may tap 
into separate haptic object recognition abilities. We acknowl-
edge further limitations of the present work. The reliabil-
ity of the hMatch-Spaceships was modest, especially using 
d-prime scores. This stems from the challenge of the time-
consuming testing in the haptic format. The matching format 
with two options, partly because chance is higher, is not as 
efficient as the 3-AFC format used in the NOMT tests. In 
both modalities, we achieve acceptable reliability with less 
than 60 trials. In contrast, our visual matching task used 360 
trials, while the haptic matching task used only 62. When the 
number of trials is limited, a good selection of the best trials 
can improve reliability and indeed, the Spearman–Brown 
prophecy formula suggests that if we ran only 62 trials of the 
visual matching test, reliability would reduce from 0.78 to 
0.38. The fact that the reliability of our 62 haptic matching 
trials is higher than this (0.54) suggests that increasing the 
number of trials and continuing to hone the test based on 
item analyses may achieve a good compromise. Unrelated 
to scientific considerations, because of the COVID-19 crisis 
during the second phase of our data collection, we could not 
compare a visual and a haptic version of the NOMT-buttons 
test in the same participants or develop new haptic tests to 
directly test hypotheses about the critical dimensions distin-
guishing our two haptic tests. We, therefore, opted to gather 
data in a visual button task to exclude a possible interpreta-
tion of the initial haptic results. We plan additional haptic 
studies in the future, including the development of several 
haptic tests with various categories that allow different types 
of exploration. One interesting option would be to design 
objects that can be explored by grasping or fingertip explo-
ration depending on instruction or context, to investigate 
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the effects on observed individual differences. Finally, our 
results suggest that we would gain from developing tests to 
explore individual differences in the processing of texture 
in the visual modality, to ask whether this ability is distinct 
from o in tasks where shape information is diagnostic.

This study represents the first step in exploring individual 
differences in haptic object recognition and its correlation 
to visual object recognition ability. Ultimately, we hope this 
research program can follow the same direction as the work 
in vision that inspired it, by using multiple tasks and stimuli 
to converge onto a single theorized latent variable. This 
approach would allow for a stronger test of the hypothesis 
we formulate here, which is that measures of haptic object 
recognition allowing for hand exploration of shape features 
would load on a different factor than measures of haptic 
object recognition relying on constrained finger exploration 
of textures. With a battery of haptic tests, we could also 
measure the extent to which the general haptic object rec-
ognition factor (oh) relates to ov in the context of structural 
equation modeling. As illustrated in the case of visual abili-
ties, this approach can reveal stronger relationships (Richler 
et al., 2019; Sunday et al., 2021) than simple correlations 
(McGugin et al., 2012; Richler et al., 2017) because it pro-
vides estimates of relationships that are not attenuated by 
measurement error and construct-irrelevant variance. For 
the time being, our results suggest that the domain-general 
object recognition ability that was identified in prior work 
is not a purely visual ability, but more likely related to the 
processing of shape regardless of the input modality.
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