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INTRODUC TION

In modern learning environments, the cognitive theory of multi-
media learning (CTML) provides a model where cognitive loads, 
the mental workload required to learn, are the mediation of the 

appropriate and constituent loads involved. In particular, extrane-
ous loads generated by the learning environment are to be min-
imized.1 At least three types of cognitive load may be considered 
with any learning task: intrinsic, extrinsic, and germane loads.1,2 The 
CTML is based on Paivio's Dual- Coding Theory (DCT)3,4 and three 
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Abstract
The Cognitive Theory of Multimedia Learning (CTML) suggests humans learn through 
visual and auditory sensory channels. Haptics represent a third channel within CTML 
and a missing component for experiential learning. The objective was to measure 
visual and haptic behaviors during spatial tasks. The haptic abilities test (HAT) quanti-
fies results in several realms, accuracy, time, and strategy. The HAT was completed 
under three sensory conditions using sight (S), haptics (H), and sight with haptics 
(SH). Subjects (n = 22, 13 females (F), 20–28 years) completed the MRT (10.6 ± 5.0, 
mean ± SD) and were classified as high or low spatial abilities scores with respect to 
mean MRT: high spatial abilities (HSA) (n = 12, 6F, MRT = 13.7 ± 3.0), and low spatial 
ability (LSA) groups (n = 10, 7F, MRT = 5.6 ± 2.0). Video recordings gaze and hand be-
haviors were compared between HSA and LSA groups across HAT conditions. The 
HSA group spent less time fixating on mirrored objects, an erroneous answer option, 
of HAT compared to the LSA group (11.0 ± 4.7 vs. 17.8 ± 7.3 s, p = 0.020) in S condi-
tions. In haptic conditions, HSA utilized a hand–object interaction strategy character-
ized as palpation, significantly less than the LSA group (23.2 ± 16.0 vs. 43.1 ± 21.5 
percent, p = 0.022). Before this study, it was unclear whether haptic sensory inputs 
appended to the mental schema models of the CTML. These data suggest that if spa-
tial abilities are challenged, LSA persons both benefit and utilize strategies beyond 
the classic CTML framework by using their hands as a third input channel. This data 
suggest haptic behaviors offer a third type of sensory memory resulting in improved 
cognitive performance.

K E Y W O R D S
cognitive load, haptic abilities, learning, spatial abilities, strategies

www.wileyonlinelibrary.com/journal/ase
https://orcid.org/0000-0002-8312-4273
mailto:
https://orcid.org/0000-0001-7102-2491
http://creativecommons.org/licenses/by-nc/4.0/
mailto:tim.wilson@uwo.ca


    |  33SVEISTRUP et al.

assumptions therein.3,4 First, humans possess separate cognitive 
processing systems through two sensory channels: one visual and 
one auditory.5 Second, each channel has a finite processing capac-
ity.5 Finally, learning involves cognitive processing to build mental 
schema between pictorial and verbal representations.5 Initially or-
ganized in the learner's working memory, schemas are constantly 
updated and appended to long- term memory enabling recognition, 
categorization, and actions toward problems presented.6,7 Mental 
respresentations are the resulting effects of encoding information 
into one's long- term memory.8

Vision is the principal sense used by sighted individuals to 
gather information about their surroundings while haptic percep-
tion offers different elemental information of one's immediate 
environment,9 especially if vision is obscured or unclear. The con-
structs of what haptics entail differ with fields of application and 
study. In general, haptics are considered the ability of reaching 
with the arm and hand to touch, grasp, and potentially manipulate 
an object. The hand tasks are usually defined in terms of the action 
performed by the hand with, or to, the object (e.g., feeling a tex-
ture, grasping a scalpel, or writing with a pen).10 Therefore, haptic 
perception is defined as active touch- based sensory interaction 
with physical objects.11

To accurately manipulate one's mental representations of 
shape, orientation, and spatial relationships, and to derive accu-
rate meaning of this knowledge, individuals rely on spatial abilities 

(SA).12 Human SA are described as a suite of cognitive capacities 
used to apprehend, remember, generate, and manipulate mental 
representations of objects, diagrams, maps and spatial relations 
to problem- solve within these contexts.12 In sighted individuals, 
SA are predominantly driven by vision and are thought to be an 
important factor contributing to the perception and interaction 
with visual surroundings.13 Reports suggest SA are a predictor 
of success in science, technology, engineering, and mathematics 
(STEM) disciplines.14 In anatomy, high SA (HSA) appear to aid visu-
alization of various sections and planes, translation and rotation of 
anatomical objects, leading to improved practical anatomy knowl-
edge assessment.15–18

Through common tests, SA are quantitatively represented.19,20 
Although the tests are numerous, SA are often based on Shepard 
and Metzler's approach.12 Termed the Mental Rotations Test (MRT), 
it requires visualizing a drawn geometric object and transforming a 
mental representation of the object to ultimately match it to its iden-
tical but rotated like- pair rather than mirrored images.12 The most 
common and modern used test was created by redrawing the origi-
nal questions in the MRT by Vandenberg and Kuse20,21 and testing in 
electronic interfaces under time duress15 (Figure 1A).

Literature suggests SA is observable in eye fixations.23 Fixations 
correspond to maintaining ocular gaze for a minimum time between 
the dynamic components of visual attention, saccades.24 Saccades 
are rapid eye movements between fixations and serve to bring an 

F I G U R E  1  Panel A—The redrawn MRT used in electronic interfaces. Participants must determine which two of the four objects on 
the right are a rotated version of the exemplar on the left. Panel B—Example question for the HAT. The exemplar is located on the left 
followed by the correct match, mirrored incorrect match and incorrect match. Panel C—The head- free eye- tracker with an outfacing scene 
camera (indicated by red circle) at bridge of nose to collect field of view information, an inward (eye) facing camera and infrared (IR) light on 
adjustable arms, to record eye movements. Panel D—Gaze- tracking software recording of subject's pupil under IR light and tracking target. 
Panel E—Eye tracking scene camera field of view recording of the HAT with pupillary position (indicated by red circle with green outline). 
Gaze tracking was measured in S (sighted) and SH (sighted with haptics) conditions of the HAT. Panels A and B are used with permission.22
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object or region of interest into focus on the fovea.25 During sac-
cades, visual inputs are unattended as they are smeared across the 
retina and severely degraded thus not offering useful visual infor-
mation.26 Once a saccade is completed, however, the projection of 
the visual field onto the retina has undergone a large- scale spatial 
transformation.26 Fixations usually have a duration of ~250 ms24 and 
it is primarily during fixation that visual processing occurs.27

Differences in fixations were identified in individuals with high 
and low SA (H/LSA) in a study exploring the relationship between 
eye movement and spatial reasoning when answering questions on 
different tasks sampling mental rotation abilities.28 The HSA sub-
jects respond faster and more accurately than their LSA counterparts 
and time to responses increases as testing shapes diverge in angular 
disparity. The authors suggest that LSA individuals undertake more 
cognitive work on the same challenge suggesting lower efficiency in 
these tasks. Interpreted through an information processing frame-
work, this is increased cognitive load. Capitalizing on potentially in-
nate attentional behavioral differences between H/LSA, Roach et al. 
explored discreet mechanistic approaches to better delineate how 
SA is expressed in selecting salient aspects within images.29 Using 
an electronic MRT in concert with eye tracking they concluded that 
HSA and LSA groups view identical images with different observa-
tional strategies, leading often to different conclusions.29

Current literature provides far less information about haptic abil-
ities (HA) compared to spatial abilities (SA), yet the field is rapidly 
advancing.30 Human HA are considered a vital aspect of the human 
perceptual system relying on touch sensitivity and the integration 
of partial tactile information to form mental representations of ob-
jects.30 Numerous studies highlight the significance of HA in object 
recognition,30–33 yet little mechanistic investigation34 has informed 
learning theories or how haptics are especially important in allied 
health education. The incorporation of “hands- on” learning is one of 
the earliest forms of sensory inputs any experiential learning, and 
anatomy laboratories, trade schools, and physical examinations rely 
heavily on developing adept skills therein.

As noted primarily with high SA, the development of one's HA 
may also offer advantages in STEM disciplines, visual disability in-
struction, and language learning.35–39 The use of haptic technology 
in education has proven to be beneficial, leading to improved learn-
ing outcomes in various fields.40 In the realm of medical training, 
appropriate haptic input can provide students with a lifelike experi-
ence in surgical training, resulting in enhanced performance during 
laparoscopic surgery simulations.35–38,41 Furthermore, haptic input 
has proven useful for veterinary students in gaining a better concep-
tualization of bovine abdominal anatomy and its three- dimensional 
(3D) visualization.42 The mechanisms by which immersive haptic 
experiences result in improved learning outcomes occurs presum-
ably through the moderation of cognitive load, increasing students' 
germane load, and/or decreasing the extrinsic loads during learn-
ing activities have received little research attention. The enhance-
ments achieved suggest an increased interest and curiosity in the 
learning materials that engage learners by improving the ability to 
connect with the topic and constructing mental representations of 

abstract concepts through hands- on experiences.40,43 When han-
dling anatomical structures18,44 and learning technical skills in health 
care,45–47 vision can only provide the learner with partial informa-
tion41 as pressures, torque, surface tensions, textures, and confine-
ment cannot solely be sensed visually. Consequently, the process of 
learning such tasks involves, at least partially, haptic exploration41 
and the integration of sensory inputs.

It is currently unknown whether haptic sensory inputs append 
to the mental schema representing images constructed via sensory 
channels of the CTML or exist as unique haptic- generated mental 
representations within the working memory. Using a functional 
magnetic resonance imaging (fMRI) haptic repetition paradigm, 
Snow et al. found that visually defined areas in the occipital and 
temporal cortex were involved in analyzing the shape of touched 
objects.48 Their findings suggest that shape processing via touch 
engages many of the same neural mechanisms as visual object rec-
ognition. The engagement of the primary visual cortex demonstrates 
that “visual sensory” areas are engaged during the haptic exploration 
of object shape. In the absence of concurrent shape- related visual 
input, shape cues processed within visual circuits may be relayed 
back to somatosensory and motor areas to guide ongoing explora-
tion.48 Chow et al. used haptic recognition of shape surfaces and 
believed that the exploratory movements subjects adopted, thus, 
the type of information each subject gathered for object discrimina-
tion could be a critical difference between the two haptic tests they 
created.49 The authors did not test visual object recognition, nor 
did they consider whether SA interacts therein despite sharing the 
aforementioned sensory overlap; nonetheless, they conclude that 
haptic object recognition ability is not purely related to visual rec-
ognition, but more likely related to the processing of the underlying 
task.49 Thus, haptics may represent a third type of sensory memory 
within the context of CTML model.1 If haptic sensory “memory,” the 
terminology of the model, integrates into working memory akin to 
the auditory and visual channel memory, the use of haptic inputs 
could improve learning by distributing cognitive loads across differ-
ing sensory channels even further. Here, one's sense of touch con-
tributes to formulations of haptic schema that integrate in working 
memory. The integration enables the learner to select from a palate 
of sensory inputs that contribute to higher accuracy in the learn-
ing environment and better long- term memory (LTM). This begs the 
question of whether an ability that is dominated visually like SA is 
shared with, or compensated for, by HA. If an individual has a limited 
capacity to apprehend salient aspects within the learning materials 
with one sensory modality, as seen in low SA individuals (LSA), then 
rapid and seamless sensory switching to alternative modalities is im-
perative for consistent learner comprehension.

The purpose of the current study was to measure gaze and hand- 
to- object interactions in HSA and LSA individuals during a haptic 
abilities test (HAT). It was hypothesized that HSA and LSA individ-
uals would demonstrate similar gaze and hand behaviors when al-
lowed to use both sensory modalities, but the behaviors would differ 
when either vision or haptics was removed, and individuals relied 
solely on singular sensory inputs to complete the HAT.
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MATERIAL S AND METHODS

Participants

A total of 22 students (nine males, 13 females; age: 19–28 years) 
enrolled in undergraduate degrees at the University of Western 
Ontario, London, Ontario, Canada with normal, or corrected vi-
sion, participated in this prospective cohort study. The method-
ologies were approved by the institution's Research Ethics Board 
(ID: 118803). Participants were recruited via class or online an-
nouncements within the institution's learning management sys-
tem from various departments across the campus. All participants 
provided written informed consent. Performance data pertaining 
to the MRT and HAT scores from these participants are reported 
in a prior manuscript by our lab.22 The results in this manuscript 
describe new data from gaze- tracking and hand–object behaviors, 
foundational to the perception to action underpinning previously 
reported HAT scores.

E XPERIMENTAL PROTOCOL

The experiment was divided into two parts. Part I is identical to 
the methods defined previously22 while Part II explores behaviors 
underlying HAT scores. Each participant was compensated with a 
CAD$20 sum in the form of a campus food card.

Part I: Spatial abilities testing

Participants completed a screening questionnaire to identify their 
primary field of study, sex, age, handedness, previous SA testing, and 
video game frequency. Consenting participants then completed an 
online MRT originally designed by Vandenberg and Kuse20 and later 
redrawn21 (Figure 1A). The test consists of 24 multiple- choice- style 
questions. Each subset of 12 questions had a time limit of 3 min and 
was separated by a 3- min break. Participants were asked to identify 
the two correct, but rotated, images of the exemplar structure to ob-
tain one point. The maximum score was 24 points. Individuals with 
higher SA complete this test in less time and with greater accuracy 
than those with lower SA.16 Therefore, test scores obtained on the 
online MRT enabled the categorization of SA into HSA or LSA par-
ticipant groups. For this study, participants were categorized as HSA 
or LSA depending on whether their score on the MRT was above or 
below the average score of all participants.

Part II: Haptic abilities testing

Participants underwent a pre- assessment of dexterity, the Purdue 
Pegboard Test (Lafayette Instrument Inc., Lafayette, IN, USA). This 
assessment is used to measure unimanual and bimanual finger and 
hand dexterity.50 Under a 30 s time constraint, participants placed 

as many small metal pins, washers, and collars systematically on a 
peg board. The test is undertaken with each hand and bimanually. 
The total number of pin/washer/collars form an assembly score. 
Scores were noted using the Purdue Pegboard scoring application's 
standardized administration (Lafayette Instrument Inc., Lafayette, 
IN, USA).

Next, participants performed an object manipulation test, termed 
the Haptic Abilities Test (HAT).22 The HAT quantifies an individual's 
HA using 3D objects. This test requires the decision of orientations 
of handheld 3D wooden objects (~10 cm3). The 3D wooden objects 
mimicked the original MRT objects drawn by Shepard and Metzler12 
and were previously reported in Sveistrup et al.22 (Figure 1B). Each 
unique shape identified in the online two- dimensional (2D) MRT of 
part I was replicated to form the 3D objects used in the HAT. While 
the MRT positions objects in 3D space at a variety of orthogonal 
orientations, the HAT objects could only be positioned on a flat 
surface. Thus, the incident viewing angle differed slightly for par-
ticipants based partially on their height and partially on their chosen 
posture to view the HAT objects. Each question of the HAT contains 
four wooden objects: the exemplar and three possible answers. The 
correct answer for each question consists of a rotated matching ob-
ject, and two erroneous choices consisting of a mirrored image of 
the exemplar and one incorrectly shaped object. The HAT differs 
from the MRT where four possible answer options are possible. The 
degree of angular differences between the exemplar and the cor-
rect match was altered for every question; thus, the correct match 
was consistently rotated at 90°, 180°, and 270° from the exemplar 
object.

The HAT is undertaken three times under a different, and ran-
domized, sensory conditions. A three to five minute break was 
given between conditions. The conditions include a sighted only (S) 
condition, where participants relied solely on their sense of vision; 
a sighted + haptics (SH) condition; and a haptic only (H) condition 
where a curtain obscured views of the HAT objects requiring haptic 
examination alone. In all conditions, answers were indicated by hold-
ing, pointing, touching, and/or verbalizing their answer. The order 
of the sensory conditions were randomized using a random num-
ber generator between participants to reduce the effects of test-
ing. While the MRT imposed a 3- min time to complete each testing 
battery, the HAT test did not impose time limits a priori. The HAT 
instructions remind participants that the best scores are achieved by 
the fastest and most accurate answers. No feedback or indications 
of accuracy are given to participants.

Each of the HAT sensory conditions consisted of 15 questions. 
Within each condition, five questions were repeated to sample re-
peatability of participants responses and calculate reliability indices. 
Participants did not report awareness of any repetition. The ques-
tion order and the block orientations therein were identical for all 
three conditions enabling comparison between individuals and con-
ditions. For scoring, one point was allocated to participants who 
chose the rotated matching object, and zero points were allocated 
for choosing the mirrored or the incorrect match resulting in a maxi-
mum of 15 points per condition.
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INSTRUMENTATION

Gaze tracking

Gaze parameters were measured with a head- free eye- tracking head-
set (Arrington Eye- Tracker – Arrington Research Inc., Scottsdale, AZ, 
USA), resembling a pair of lightweight lens- less glasses containing 
two cameras and one infrared light source facing the eye, for the 
entire duration of the HAT protocol (Figure 1C). The first camera is 
an outward- facing scene camera integrated into the frames of the 
headset and positioned at the bridge of the nose. It records the par-
ticipant's field of view at a sampling frequency of 60 Hz. An inward- 
facing infrared eye camera records eye behaviors and is illuminated 
by an infrared light source (Figure 1D). The gaze- tracking software 
enables both simultaneous and offline detection of pupillary fixa-
tions, locations, and pupillary diameter at a sampling frequency of 
60 Hz. This technique affords insights into cognitive processing at 
the time of fixation and accompanying attention underlying behavior 
through the eye–mind relationship.29

The eye tracking software (ViewPoint, Arrington Research Inc., 
Scottsdale, AZ, USA) utilizes a synchronous playback and record-
ing system to overlay pupillary coordinates (x, y) fixation locations 
on the video scenes collected from the scene camera (Figure 1E). 
Measuring pupillary behaviors during fixations affords the recording 
of the number of fixations, fixation durations, and pupillary diameter 
during fixation during each question, in each condition, of the HAT 
protocol where the vision is allowed, sighted (S) and sighted + haptics 
(SH) conditions. The spatial and temporal information enables the 
characterization of a participant's gaze behaviors and serves as an 
index of visual attention. Since visual processing only occurs during 
the fixations,27 both the location within the visual field and tempo-
ral parameters regarding that particular fixation were derived with 
question- by- question granularity and calculated to compare across 
individuals on a question, condition, and ability basis.

Temporal parameters of gaze

The minimum fixation duration was determined a priori at 250 ms. 
The temporal parameters of gaze are represented on a question- by- 
question basis in the S and SH conditions. The fixation number (FN) 
was defined as the total number of times the pupil fixated on a spe-
cific location while average fixation durations (AFD) were calculated 
as the mean duration of all fixations occurring in each question (s). 
The fixation rate (FR) indicates how many fixations were undertaken 
before the subject answered; therefore, the FN is divided by the re-
action time (RT) per question (fixations/s).

Spatial parameters of gaze

Gaze locations on the HAT objects were determined through analy-
sis of scene camera recordings of the participant's field of view with 

an overlaid recording of the pupillary x–y location within that visual 
space (Figure 1E). Through characterization of gaze location, assess-
ment of visual attention is derived by quantifying the amount of 
fixation time spent observing each of the four objects within each 
question of the HAT during the S and SH conditions. In the H condi-
tion, no pertinent gaze information is present.

In all conditions of the HAT, pupillary diameter (PØ) was recorded 
by the inward- facing camera. The PØ was measured as an indirect 
measure of stress. Participants' changes in pupillary diameter (∆PØ) 
were expressed relative to the average PØ measured during a min-
imum 20 s baseline and were calculated on a question- by- question 
basis to infer participants' cognitive loads as the pupils dilate51 with 
differing sensory inputs in each of the HAT conditions.

Measurements of hand–object manipulation 
behaviors and strategies

In conditions affording haptic somatosensory input of test objects 
(SH and H), the hand–object manipulations were recorded using 
an external video recorder mounted in a stationary, superior, and 
lateral position (Figure 2). The nature and time of interactions be-
tween participants' hands and objects were determined offline. 
Reviewing video on a question- by- question basis enabled identifi-
cation hand–object interaction. The approach draws on grounded 
theory methodology using thematic codes in qualitative research. 
Here, instead of coding participant verbal feedback, hand–object 
behaviors are characterized and categorized. These video- based 
observations are recorded temporally (time- stamped), the hand–
object behaviors are interpreted by an observer and recorded as 
codes of stereotypic gestures. As codes accumulate, similar hand–
object interactions may be grouped as they share commonalities. 
Therein, a strategy classification rubric emerges, similar to coding 

F I G U R E  2  Static image from video recordings used to determine 
hand–object interactions. In this image, the subject is reaching 
through the curtain to interact with HAT objects in the H condition.
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in qualitative approaches using participant conversations.52,53 As 
the number of meaningful, task- related, hand–object interactions 
are finite and likely stereotypical,54,55 a coding event called satu-
ration will occur. Contextually, saturation indicates that no new 
hand–object strategies are expressed.52,53 The rubric of strategy 
codes thus describes all meaningful data. The method affords 
several layers of analysis in determining what and how each of 
the strategies are used: the determination of hand–object interac-
tion (strategy), the frequency of use of the strategies identified, 
and the accumulated time of each strategy within a question, all 
become quantifiable events. Dividing the accumulated amount 
of time individuals use each strategy by question response time, 
the percent of use of each strategy is calculated on a question- 
by- question basis. The use of the classification rubric enabled 
comparisons of behaviors utilized during the two HAT conditions 
where hands may be used to achieve the tasks (SH and H) and any 
strategy- based differences expressed by HSA and LSA individuals 
on a question- by- question basis.

Data analysis

Statistical analysis was undertaken with SPSS Statistics for 
Windows (Release 27.0, IBM Corp, Armonk, NY, USA) while visual 
plots were created using Microsoft Office Excel (Version 16.54, 
2021). A Shapiro–Wilk test was used for each dependent variable 
across HAT conditions to determine whether data were normally 
distributed. Where appropriate, descriptive parametric data were 
reported as means ± SD while inferential data were deemed sig-
nificant with an alpha value set a priori at 0.05. In some instances, 
the data did not follow normal distributions, these non- parametric 
data were reported as median values with lower and upper quar-
tiles (Q1, Q3).

Intra- rater correlation coefficients, a measure of reliability, were 
calculated using the total time accumulated for each strategy for each 
of the questions 1–5 and 11–15. These questions were identical across 
all subjects. For inter- rater reliability, correlation coefficient was un-
dertaken using two independent raters who quantified the hand–
object interaction strategies (frequency and time) expressed with a 
random subset of four individuals (2F/2M) from the overall pool.

Participant characteristics

Discrete variables such as the number of participants, sex, study 
discipline, previous SA testing, handedness, and video game fre-
quency were reported as frequencies (n). Participants were cat-
egorized into HSA and LSA groups based on their MRT scores. 
Independent samples t- tests were used to compare the independ-
ent variables of age, video game frequency, MRT, and manual dex-
terity scores between HSA and LSA individuals. Fisher's exact test 
was used to compare the discrete variables between HSA and LSA 
groups.

Gaze behavior

A Wilcoxon signed- rank test was used to compare fixation number 
(FN) and average fixation duration (AFD) between the S and SH con-
ditions, whereas a paired samples t- test was used to compare fixa-
tion rate (FR) between the S and SH conditions in all participants. A 
Mann–Whitney U- test was used to identify differences in FN and 
AFD between HSA and LSA individuals in the S and SH conditions 
and an independent samples t- test was used to compare FR between 
HSA and LSA participants in the S and SH conditions of the HAT.

Gaze location behavior, used to assess visual attention, was de-
fined as the percentage of time fixating on each of the four HAT. The 
location of each fixation was noted as one of the four HAT objects 
(exemplar, correct match, incorrect match, or mirrored match) per 
question per condition. The cumulative time within each question 
fixating on a certain HAT object was totaled to obtain a total per-
centage of time spent fixating on each HAT object. The difference in 
gaze location behavior per object was compared using a one- way re-
peated measures analysis of variances ANOVA in the S condition and 
a Kruskal–Wallis testing in the SH condition. The gaze location data 
were compared between the S and SH conditions using a Friedman 
test. Gaze location differences were compared between HSA and 
LSA individuals in the S and SH conditions using an independent 
samples t- test and Wilcoxon signed- rank test respectively.

Pupillometry

A one- way repeated measures ANOVA was used to compare the per-
centage change in pupillary diameter (∆PØ) between the S, SH and 
H conditions of the HAT in all participants. Comparison of ∆PØ be-
tween HSA and LSA participants in the S, SH, and H conditions of the 
HAT were analyzed using a split- plot ANOVA (factor 1 = SA, 2 levels, 
i.e., HSA vs. LSA, factor 2 = condition, 3 levels, i.e., S vs. SH vs. H).

Haptic time

Video from the external video recorder was used to determine the 
objects garnering the greatest haptic attention in the SH and H con-
dition in HAT. The general approach of haptic time (HT) represents 
the relative time spent (%) touching each of the HAT objects. The HT 
identifies the most haptically salient object using dominant and non- 
dominant hands. The comparisons of HT per object of the HAT were 
compared across all questions using a Kruskal–Wallis test, whereas 
any difference in the HT between HSA and LSA was compared using 
Mann–Whitney U- test.

Haptic strategies

The haptic strategies during the SH and H conditions were identi-
fied post hoc. Comparison of each strategy usage between HSA and 
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LSA participants was analyzed using an independent t- test for the 
normally distributed strategies and a Mann–Whitney U- test for the 
non- parametric strategy data. A comparison of strategy utilization 
between groups (H/LSA) and across conditions (SH/H) was analyzed 
using a Friedman test.

RESULTS

Participant characteristics

Table 1 presents the characteristics of the participants from this 
study. Of the total participant pool, 13 (59.1%) were females. 
There were no significant differences in MRT scores based on sex 
(p = 0.283). Participants identified themselves as either right- handed 
(n = 21) or left- handed (n = 1). The average MRT score was 10.6 ± 5.0. 
Participants were categorized into HSA (n = 12) or LSA (n = 10) 
groups based on whether their MRT score was above or below the 
average score (13.7 ± 3.0 vs. 5.6 ± 2.0, p < 0.0001). Manual dexterity 
scores were within the normal range and did not differ significantly 
between the HSA and LSA groups (136 ± 11 vs. 130 ± 12, p = 0.281). 
There was no significant difference in age between the HSA and LSA 
groups (21 ± 2 vs. 21 ± 3 years, p = 0.872), nor in video game play fre-
quency (6 ± 6 vs. 4 ± 8 h/week, p = 0.107). Three participants (14%) 
were enrolled in social sciences disciplines.

Attention—gaze behaviors

Gaze- related parameters were obtained for 20 participants as two 
were unusable due to poor video quality (HSA: n = 12; LSA: n = 8). The 
fixation rates (FR) on a question- by- question basis were normally 

distributed; however, the number of fixations (FN) and average fixa-
tion durations (AFD) were not. The gaze location data were normally 
distributed for the S condition and were not for the SH condition.

In the S and SH conditions, there were no significant differ-
ences in mean FN (6.1 ± 3.0 vs. 6.3 ± 3.4, p = 0.681) (Figure 3A), AFD 
(1.3 ± 0.6 vs. 1.3 ± 0.7 s, p = 0.218) (Figure 3B), and FR (0.9 ± 0.2 vs. 
1.0 ± 0.2 fixations/s, p = 0.103) (Figure 3C). No significant differ-
ences in mean FN were detected between HSA and LSA individuals 
in either the S and SH conditions (S: 5.9 ± 2.4 vs. 6.3 ± 3.9, p = 0.784; 
SH: 5.3 ± 1.6 vs. 7.8 ± 4.8, p = 0.238), AFD (S: 1.4 ± 0.7 vs. 1.1 ± 0.5 s, 
p = 0.734; SH: 1.45 ± 0.9 vs. 1.0 ± 0.4 s, p = 0.343) and FR (S: 0.9 ± 0.2 
vs. 0.9 ± 0.2 fixations/s, p = 0.916; SH: 1.0 ± 0.3 vs. 1.0 ± 0.2 fixa-
tions/s, p = 0.797).

TA B L E  1  Participants characteristics.

HSA LSA p- Value

n 12 10 n/a

MRT score 14 ± 3 6 ± 2 <0.0001

Age (years) 21 ± 2 21 ± 3 0.872

Female 6.0 7.0 0.415

Male 6.0 3.0 0.415

Right- handed 10.0 9.0 0.481

Left- handed 0.0 1.0 0.481

Ambidextrous 2.0 0.0 0.481

STEM disciplines 11.0 8.0 0.571

Non- STEM disciplines 1.0 2.0 0.571

Video game frequency (h/
week)

6 ± 6 4 ± 8 0.107

Previous SA testing 0.0 0.0 1.000

Manual dexterity 136 ± 11 130 ± 12 0.281

Note: Data reported as means ± standard deviation.
Abbreviations: HSA, high spatial abilities; LSA, low spatial abilities.

F I G U R E  3  Participant's visual attention during the HAT 
represented by gaze fixations during sighted S and SH conditions 
in HSA and LSA individuals (n = 20). Data are represented as per 
question means ±1SD. Top Panel A: Average fixation number 
(FN) indicating how often participant's eyes remain stationary 
per question. Middle Panel B: Average fixation duration (AFD) 
indicates how long the eyes remained stationary during each 
question. Bottom Panel C: Average fixation rate (FR) indicates how 
often individuals moved their eyes from location to location within 
their field of view. No significant differences between groups or 
conditions were found. HAT, haptic abilities test; HSA, high spatial 
abilities, LSA, low spatial abilities; n, frequency; s, seconds; S, 
sighted; SD, standard deviation; SH, sighted haptic.
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Gaze location was analyzed as the percent of participants' in-
dividual response time/question spent fixating on each of the HAT 
objects in the S and SH conditions. In the S condition, the correctly 
matched object was fixated upon significantly more than the exem-
plar, incorrect match, or mirrored match (p < 0.001) (Figure 4A). In the 
SH condition, the exemplar and the correct match were fixated on sig-
nificantly more than the incorrect or the mirrored match (p < 0.001) 
(Figure 4B). Further, in the S condition, the time spent fixating on the 
mirrored match was significantly higher in the LSA group compared 
to the HSA group (17.8 ± 7.3 vs. 11.0 ± 4.7, p = 0.020) (Figure 4A). 
However, there were no significant differences in the time spent 

fixating the exemplar (31.0 ± 10.7 vs. 30.4 ± 10.0, p = 0.910), the cor-
rect match (45.4 ± 10.4 vs. 38.6 ± 9.6, p = 0.159) and the incorrect 
match (12.7 ± 5.5 vs. 13.2 ± 7.0, p = 0.868) between HSA and LSA 
groups in the S condition (Figure 4A). In the SH condition, there were 
no significant differences in the time spent fixating on the exemplar 
for H/LSA (37.4 ± 14.3 vs. 40.4 ± 18.3, p = 0.681), the correct match 
(35.9 ± 5.7 vs. 32.2 ± 12.7, p = 0.384), the incorrect match (12.4 ± 9.8 
vs. 12.6 ± 9.1, p = 0.849), and mirrored match (14.7 ± 7.3 vs. 14.8 ± 6.3, 
p = 0.987) between HSA and LSA groups (Figure 4B).

Pupillometry

Pupillometry data were collected in the three conditions of the HAT 
in all 22 participants. The pupillary diameter (PØ) was reported as 
the linear distances measured at the maximum horizontal and ver-
tical axis at the edges of the pupil. The percent ∆PØ significantly 
decreased in the H condition in both HSA and LSA groups (effect of 
group: p = 0.893, effect of condition: p = 0.049, Figure 5).

Attention—haptic behaviors

Haptic time

The percentage (%) of time spent touching and/or manipulating HAT 
objects and the haptic strategies used during the SH and H condi-
tions of the HAT were compared in all right- handed individuals 
(n = 21). Between HSA and LSA participants, in the SH and H con-
ditions, there were no significant differences in the percentage of 
time spent manipulating the objects in the HAT. However, granular 

F I G U R E  4  Gaze fixation location represented as percent of time 
to response on each of the 3D objects in the HAT conditions using 
vision. Each panel illustrates times of HSA and LSA participants 
(n = 22). Top Panel—The average percent of time fixating on each 
of the four HAT objects in the S condition. The correct match 
object was attended to more than the incorrect or mirrored match 
(p < 0.001). The mirrored match held the attention longer for LSA 
versus HSA individual (p = 0.020). Bottom Panel—Time fixating 
on each of the four HAT objects in the SH condition in HSA and 
LSA individuals (n = 22). The exemplar and correct matched were 
significantly more attended to than the incorrect and mirrored 
match (*p < 0.001). Error bars indicated ±1SD. 3D, three- 
dimensional; HAT, haptic abilities test; HSA, high spatial abilities, 
LSA, low spatial abilities; n, frequency; p, p- value; S, sighted; SD, 
standard deviation; SH, sighted haptic; %, percent.

F I G U R E  5  Mean percent change in pupillary diameter (∆PØ) 
from participants' baseline diameter in the S, SH, and H sensory 
conditions of the HAT for HSA and LSA groups (n = 22). No 
differences between SA groups are present but the main effects of 
sensory conditions (p = 0.049) are present. Error bars indicate ±1SD. 
H, haptic; HAT, haptic abilities test; HSA, high spatial abilities, 
LSA, low spatial abilities; n, frequency; p, p- value; S, sighted; SD, 
standard deviation; SH, sighted haptic; %, percent.
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assessments of the percent of response time manipulating the cor-
rect, incorrect, and mirrored objects with the dominant hand were 
lower in the H condition compared to the SH condition for both spa-
tial ability groups. In the HSA group, object manipulation time as a 
percent of each question's RT in H versus SH (Correct: 28.6% ± 12.4% 
vs. 40.2% ± 6.6%, p = 0.016; Incorrect: 7.4% ± 6.5% vs. 21.4% ± 6.0%, 
p < 0.001; Mirrored: 5.8% ± 5.2% vs. 21.1% ± 5.5%, p < 0.001) and for 
LSA individuals (Correct: 23.3% ± 14.0% vs. 36.7% ± 5.3%, p = 0.006; 
Incorrect: 10.4% ± 7.3% vs. 22.22% ± 4.6%, p < 0.001; Mirrored: 
9.4% ± 10.8% vs. 23.6% ± 7.9%, p = 0.006) (Figure 6). The exemplar ob-
ject was manipulated significantly less in the SH condition compared 
to the H condition in the HSA group (0.7% ± 1.9% vs. 5.7% ± 6.6%, 
p = 0.026) (Figure 6). The exemplar in the non- dominant hand was 
manipulated significantly less in the SH condition compared to the 
H condition in both groups (HSA: 19.0% ± 31.4% vs. 91.9% ± 14.7%, 
p < 0.001; LSA: 26.8% ± 40.6% vs. 92.7% ± 17.1%, p = 0.004) (Figure 6). 
Figure 2 demonstrates a still picture taken from video footage.

Haptic strategies

The consistency of the video- based detection and documentation of 
individual, question- by- question strategy was reliable and repeat-
able. Comparisons of repeated questions of the HAT (Q1- 5 and Q11- 
15), enabled comparison of intra- rater consistency. The intra- rater 
Pearson correlation coefficient was (r = 0.84) indicating high levels of 
internal consistency. To assess inter- rater measures of reliability of 

the approach, a subset of 2F and 2M participants were re- analyzed 
with two independent raters using the same method but with all 15 
HAT questions in the haptic condition. The inter- rater Pearson cor-
relation coefficient was calculated (r = 0.79) indicating a high level of 
agreement between the raters.

To delineate haptic exploration beyond the description of ob-
ject touch frequency and time, a hand–object strategy rubric con-
taining common strategies was created post- hoc. From the strategy 
saturation method employed, eight haptic strategies emerged from 
this data. The classification of contextually based strategies include 
dynamic tracing, static hold, palpation, object lift, rotation, object 
matching, revisiting objects, and using an exclusion method (Table 2). 
The dynamic tracing, static hold, palpation, and lifting strategies 
were analyzed individually as a proportion of the cumulative time 
they occurred per question in the SH and H conditions. The use of 
rotation, matching, revisiting, and exclusion strategies was catego-
rized in a binary manner, based on frequency of use, per question.

Overall, HSA individuals used the palpation strategy proportion-
ally less than LSA participants (23.2% ± 16.0% vs. 43.1% ± 21.5%, 
p = 0.022) in the H condition (Figure 6). The utilization of the re-
maining seven strategies did not differ between groups (p > 0.05). 
Specifically in the H condition, HSA individuals changed strategies 
whereas the palpation strategy was used more in the SH condition 
compared to the H condition (38.8% ± 12.3% vs. 23.2% ± 16.1%, 
p = 0.013). As sensory conditions changed, the time spent using 
strategies differed accordingly, in both the dynamic tracing (HSA: 
0.5% ± 1.8% vs. 30.0% ± 22.8%, p < 0.001; LSA: 0.0% ± 0.0% vs. 

F I G U R E  6  Percent of object manipulation time per question for each of the four HAT objects in the SH (pattern bars) and H condition 
(filled bars) using dominant (D) and non- dominant (ND) hands. No significant differences between the HSA and LSA (n = 21) were found. 
However, across sensory modalities (SH- H) and within objects (Exemplar, Correct, Incorrect, Mirrored), objects were manipulated 
significantly less in the SH condition than in the H condition, by the dominant hand, in both HSA and LSA (p < 0.05). The exemplar was 
manipulated significantly less in the dominant hand by the HSA group between the SH and H condition (p < 0.05). The exemplar was 
manipulated significantly less in the non- dominant hand between the SH and H condition in both the HSA and LSA groups (p < 0.05). Error 
bars indicate ±1SD. H, haptic; HAT, haptic abilities test; HSA, high spatial abilities, LSA, low spatial abilities; n, frequency; p, p- value; SD, 
standard deviation; SH, sighted haptic; %, percent. *p < 0.05.
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25.4% ± 17.1%, p = 0.001) and static hold (HSA: 0.0% ± 0.0% vs. 
9.3% ± 9.4%, p < 0.001; LSA: 0.0% ± 0.0% vs. 9.3% ± 6.9%, p = 0.002) 
times were significantly lower in the SH condition compared to the 
H condition in both HSA and LSA individuals. Further, the lift strat-
egy was used significantly less in the SH condition compared to 

the H condition in the HSA group (8.7% ± 14.7% vs. 37.5% ± 36.1%, 
p = 0.004) (Figure 7).

DISCUSSION

Previous data from this laboratory suggest that the addition of hap-
tic sensory information may aid LSA individuals in completing spa-
tially and haptically challenging tasks.22 Although test performance 
and timing of haptic behaviors may be similar between H/LSA in-
dividuals. The current inquiry regarding gaze and haptic behaviors 
may delineate how multimodal inputs (somatosensory and vision) 
contribute to problem- solving behaviors. This study systematically 
evaluated spatial and haptic abilities while deriving vision and action 
behavioral constructs. In line with the current hypothesis, both HSA 
and LSA individuals demonstrated similar gaze and hand behaviors 
when allowed to rely on haptic inputs in addition to their vision when 
completing a spatially challenging task.

Gaze behavior

In the previous study using the HAT construct, the speed of comple-
tion of spatially demanding tasks did not differ between HSA and 
LSA individuals.22 The authors suggest that temporal differences 
alone do not provide sufficient detail to distinguish the variations 
in attentional behaviors that underlie individual strategies when 
confronted with spatially challenging tasks.29 Pupillary fixations 
from the current study were similar between HSA and LSA groups, 
suggesting both sets of individuals rely on similar vision- based time 

TA B L E  2  Classification of haptic strategies.

Strategy Definition

Dynamic 
tracing (%)

Object Tracing—discrete aspects of the object 
examined. Corners, lengths, and edges of the 
object actively explored while leaving the 
objects stationary

Static hold (%) Hand Coverage—Hand placed over objects to 
apprehend fits entirety or may grab it without 
moving or lifting

Palpation (%) Touching the object in a non- descript manner 
(i.e., moving the object, orienting it, knocking it 
over, and feeling to grasp it.)

Lift (%) Elevating the object off the table with 
manipulation

Match (Y/N) Putting two objects side by side for comparison

Rotation (Y/N) Rotating the objects around the x, y, or z axis 
while keeping the object on the table or in the air

Revisiting (Y/N) Feeling, touching and/or manipulating one block 
more than once per question

Exclusion (Y/N) Moving a perceived incorrect match away from 
their comparators

Note: The % indicates the relative percentage of time spent depicting 
these behaviors per question while the binary Y/N indicates whether 
the behavior was expressed.

F I G U R E  7  Haptic strategies employed during SH and H conditions of the HAT in HSA and LSA groups (n = 22). The proportion of time 
(average percent) of response time each strategy was employed per question. The palpation strategy was used more in the LSA group 
compared to the HSA groups (p = 0.022). There were no other significant differences between groups. The palpation strategy was used 
significantly more in the SH condition in the HSA group (p = 0.013). The dynamic tracing and static hold strategy were used significantly less 
in the SH condition in both groups (p < 0.05). The lift strategy was used significantly less in the SH condition in the HSA group (p = 0.004). 
H, haptic; HAT, haptic abilities test; HSA, high spatial abilities, LSA, low spatial abilities; n, frequency; p, p- value; SD, standard deviation; SH, 
sighted haptic; %, percent. *p < 0.05.
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strategies when completing the HAT (Figure 3). Deeper analysis of 
gaze location however suggests that HSA and LSA individuals may 
“view” objects differently and we speculate that they attend to dif-
ferent salient locations on those objects during fixations (Figure 4). 
The resolution limitations of the head- free gaze tracking equipment 
employed in the current study did not enable intra- object examina-
tion as was undertaken previously in the series of studies by Roach 
et al.29,56 In those studies, intra- object H/LSA gaze fixation locations 
differed on similar geometric blocks as those used in the current 
study. A difference between study methods is that Roach et al. used 
a computer screen to view the block shapes and a “head- fixed” gaze 
approach whereas here, the blocks were physical objects with head- 
free gaze tracking in the current study.

In the current study, LSA individuals spent more time fixating 
on the mirrored objects, which is an incorrect answer. These find-
ings are indicative that LSA individuals devoted more cognitive 
processing to the mirrored match when answering the HAT ques-
tions in sighted conditions. This finding is in line with the hypothesis 
suggesting LSA students endure higher cognitive loads on identical 
learning and assessment exercises as their HSA counterparts.57,58 
The HSA groups recognized the mirrored match as incorrect, and did 
not afford further visual attention. This difference in visual atten-
tion between HSA and LSA groups appears to underlie differences in 
scores obtained in sighted conditions of the HAT with the HSA group 
scoring significantly higher than the LSA group. These findings may 
be compared to how students approach multiple- choice questions 
in written exams when using an elimination of distractors strategy.59 
Given scores were significantly lower in the LSA group in sighted 
conditions, and LSA individuals spent more time attending to the 
mirrored match, it is possible the LSA group's elimination strategy, if 
present, was less successful and lead the group to incorrectly iden-
tify the mirrored match as the correct answer. Similar findings were 
described in Roach et al.'s experiment, where temporal information 
combined with gaze location was used to indicate how H/LSA per-
sons visually attend to different aspects within MRT images on a 2D 
computerized test.29 Importantly, when information visual attention 
is afforded, the temporal information takes on deeper and more re-
fined meanings regarding the salient aspects of attention.29 Akin to 
present results, Roach et al. concluded that devoting equal temporal 
attention to locationally non- salient aspects will negatively affect 
performance, at least in terms of the visually derived MRT score.29

When haptic opportunities were afforded in the SH condition, 
differences in gaze location strategies disappeared between H/LSA 
groups and similar results were obtained on the HAT. These findings 
suggest underlying the mechanisms of performance degradations 
when haptics are removed from learning or assessment. Here, inclu-
sion of haptics appears to elevate LSA individuals' performances on 
identical and spatially challenging tasks where attentional saliency 
may again play a role. In sighted conditions of this test and others,29 
LSA individuals sought for visual saliency, taking more time with a 
sporadic fixation approach compared to their HSA counterparts. 
Similarly, Van Polanen et al.60 have conceptualized haptic saliency 
where features of objects may “pop out” with respect to other 

object properties enabling efficient cognitive processing. Klatzky 
et al. suggest saliency extends beyond simple haptic properties of 
an object by describing qualities of immediate interactions with skin 
to global interactions of hand and object.61 We suggest that the cu-
mulative effects of haptic and visual saliency arrive at equivalent 
performance on the SH condition of the HAT, whereas performance 
differences still exist in the sighted only conditions, akin to those 
witnessed with performances on the mental rotations test.

Pupillometry

The pupillometry results from the current study also offer a unique 
vantage into underlying cognitive challenges that may be related to 
stress. Pupillary diameter is an indirect measure of an individual's 
stress.62,63 Chen et al. suggest that changes in pupillary diameter are 
sensitive to cognitive load and communicative load, but they cannot 
index perceptual or physical loads.63 In the current study, the per-
cent change in pupillary diameter (∆PØ) did not differ between HSA 
and LSA individuals in the SH or H condition (Figure 5) suggesting 
the addition of haptics does not induce stress responses differently 
in HSA or LSA individuals. If spatial ability is disregarded, the stress 
response was significantly lower in the H condition in both HSA and 
LSA individuals. Therefore, the addition of 3D objects affording 
haptic opportunities may explain equivalent stress responses in LSA 
individuals and may contribute to successfully completing spatially 
challenging tasks that are typically considered more challenging for 
LSA individuals. In contrast, in a study examining cerebrovascular 
responses during a learning and assessment exercise with 3D com-
puter graphics, Loftus et al. observed small but significant drops in 
end- tidal carbon dioxide in LSA individuals. This was indicative of 
rising stress and hyperventilation, although mild, the consequences 
were declining brain blood flow in LSA, compared to HSA individuals 
undertaking the same 3D tests of anatomy.64 Although not the main 
theme of that study, the authors suggest stress may have played a 
role in eliciting negative changes in LSA individuals more than HSA 
individuals through activation of the sympathetic nervous system 
resulting in mild ventilatory alterations that contribute to cerebro-
vascular vasoconstriction. That study's experimental testing method 
was driven entirely on a computer screen and did not involve hap-
tics. Overall, it is striking that differing interactions of spatial and 
haptic abilities also interact with learning and/or testing modalities 
suggesting a contribution to unequal learner stressors that appear 
unrelated to the immediate task but represent an example of cov-
ert extraneous cognitive load58 generated through an individual's 
perception of the visual environment and the objective of the tasks 
within said environment.

Hand behavior

The average proportion of manipulation time for each of the HAT 
objects between HSA and LSA individuals in both the SH and H 
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conditions was similar. Given that both HSA and LSA groups em-
ployed the same temporal strategies and obtained similar scores, 
three possible scenarios emerge; either HSA individuals' advantages 
were repressed, the addition of haptic input elevated LSA individu-
al's abilities, or SA is not related to HA and were not required when 
completing the SH and H condition of the HAT.

However, there were clear differences in the cumulative propor-
tion of time spent manipulating each of the HAT objects per ques-
tion between the SH and H conditions. The time spent manipulating 
most HAT objects decreased in the SH condition compared to the H 
condition in both HSA and LSA. These findings suggest that when 
both visual and haptic information is afforded, subjects preferentially 
used visual sensory input over haptics to complete spatial tasks. This 
finding may be contextualized within the spatial properties of objects, 
including object shape and size, which are most efficiently recognized 
by one's sense of vision.61 Furthermore, visual inputs tend to dominate 
the tactile interpretation of spatial properties of objects when there is 
a conflict between what is seen and what is felt.65 Importantly, when 
visual information becomes less reliable, observers put progressively 
more decision- making emphasis on the information provided by hap-
tics.66 The combination of both visual and tactile information arising 
from one object promotes better integration of the object shape rec-
ognition.66 Specifically, integrated visual–haptic inputs are more reli-
able than unimodal, visual or haptic, input.66

Although most haptic strategies employed during the SH and H 
conditions were similar in both SA groups, LSA individuals relied sig-
nificantly more on the palpation strategy in the H condition. These 
findings support the notion that LSA individuals spend more time ma-
nipulating objects in a non- descript and haphazard fashion. This notion 
is not without precedent, in vision- based studies, some authors sug-
gest LSA individuals who possess lower visuospatial working memory 
tend to use random exploration methods.64,67 The random approach 
has consequences, more time is required to complete questions as in-
creased cognitive loads are then encountered as LSA individuals must 
more frequently update fleeting mental representations to derive 
meaning.64,67 Therefore, increased proportions of time spent utilizing 
the palpation strategy may reflect the requirement of more time for 
LSA individuals to correctly orient the object to problem solve.

In a prior study, vision- based spatial abilities measured with a re-
drawn Vandenberg and Kuse Mental Rotations Tests (MRT A&C) and 
a surface development test (SDT) was correlated with scores achieved 
on drawings created solely through blind haptic perception of 3D ob-
jects more complicated than those in the current study.11 Moderate 
correlations have been found with MRT C and SDT. A weak correla-
tion was found with MRT A, the test used in the current study. A sta-
tistically significant correlation between MRT and HAT score was not 
found in the study. Nonetheless, MRT scores were correlated to the 
palpation strategy during the HAT in the H condition. This may be 
an indication of a link between spatial abilities and haptic perception.

Performance in the haptic condition was similar between the 
HSA and LSA groups despite differing strategies between these 
groups. Together, the current findings indicate that the tactile in-
puts haptics may offer another sensory channel to offload or spread 

sensory information and decreasing cognitive loads akin to the dual 
channels described in the multimedia learning theory.1 Therein, the 
Dual Coding Theory (DCT) states that there are functional cognitive 
connections between verbal and non- verbal systems, specifically 
between verbal and pictorial inputs, and can help explain perfor-
mance in intellectual tasks.3,4 However, there are limitations to the 
DCT as it does not consider the possibilities of working memory sup-
port by different afferent information in the audiovisual inputs of 
words and images.3,4 Therefore, the findings of this study illustrate 
how somatosensory inputs provided by haptics may represent a 
third sensory channel. We suggest that in scenarios where handling 
learning objects is part of the learning environment, like anatomy 
laboratories, there are multiple sensory coding channels available 
to the learner, sight, sound, and haptics. In this article, we begin to 
delineate how the addition of haptics may increase the reliability 
of object recognition when relevant sensory modalities (vision and 
haptics) are afforded. Importantly, haptic sensory channels appear 
to offer LSA individuals alternate sensory inputs through different 
strategies where object saliencies are presumably integrated into 
working memory. Research utilizing functional magnetic resonance 
imaging confirms a multichannel overlap between cortical areas sub-
serving vision and haptics suggesting neural substrates are already 
in place to share object recognition.48,68

The current study elucidates whether, and how, haptic sensory 
inputs afford different input sources than those previously confined 
to vision and hearing in the Cognitive Theory of Multimedia Learning 
(CTML). Whether haptic sensory inputs append to the mental image 
models described in CTML1 or exist cognitively as a haptic mental 
image within the working memory7,69 is yet unknown.70 The sug-
gestion that LSA individuals in our paradigm successfully integrated 
haptically derived inputs appears plausible; although there were key 
differences in strategies regarding gaze location and haptic strat-
egies, there were no differences in performance scores between 
HSA and LSA individuals during the SH and H conditions of the HAT. 
Within the construct of cognitive theory of multimedia learning, this 
study proposes haptics as a third sensory input. The current data 
suggest improvements in learning outcomes are achieved through 
one's sense of touch, at least with shape recognition. Common hap-
tic strategies enable individuals to better select salient aspects of 
objects that contribute to accurate information transfer to work-
ing memory as mental representations, and presumably, long- term 
memory.

The current study expands the dual channel assumption of vi-
sion and audition in the CTML4 to include important sensory in-
formation garnered through the hands as a haptic sensory input 
channel (Figure 8). The dual channel hypothesis states that humans 
possess separate information processing channels for these sensory 
inputs, and they are limited both in capacity2 and active process-
ing1 capabilities where information is filtered, organized, schema-
tized, and prepared for integration with long- term memories. The 
CTML states that if one sensory channel is overloaded, learning 
is reduced5; thus, spreading information over multiple sensory in-
puts is key to reduced cognitive overload. The current study cannot 
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definitively address whether cognitive loads were different in the 
visual or haptic sensory conditions; however, we suggest that the 
addition of a third sensory input, haptics, would reduce cognitive 
load. The overload threat is reduced by decreased reliance on vision, 
and with it, the inherent need for spatial ability to succeed in these 
types of tasks. For those with high spatial ability (HSA), the need 
to touch may not be required since adequate salient information of 
object orientation is achieved through the visual channel.29,58 For 
lower spatial ability (LSA) individuals, however, the use of haptics 
spares reliance on vision- based spatial abilities derived through the 
visual channel, enabling decisions to be made more easily. Given 
these results, care should be taken when diverting all sensory input 
to vision, even when better visualizations like stereoscopy and/or 
immersive environments are substituted in learning scenarios for 
non- expert learners.

Incorporating haptic opportunities in our teaching, learning, and 
assessment repertoires may raise LSA individual's performance by 
decreasing unnecessary cognitive load.58 Given the requisite, and 
sometimes permanent, migrations to online anatomy teaching and 
learning environments due to Covid- 19, a conundrum arises. Are 
educators unwittingly removing meaningful sensory fidelities from 
learners?22,70,71 Gaining insight into learner behaviors when sensory 
inputs, like haptics, are eliminated provides valuable evidence that 
can guide the development of future anatomy curricula and educa-
tional resources.

Limitations and future directions

These findings are subject to limitations. The sample size did not 
enable comparisons between individuals with overtly divergent 
SA. Obtaining a larger sample size could allow for more divergent 
differences between H/LSA individuals as researchers could inves-
tigate whether greater divergence in performance, gaze behavior, 
and haptic behavior between groups having greater differences in 
baseline SA.

Further, the change in pupillometry diameter is variable, it 
is an indirect indicator of acute stress response possible due to 

methodological concerns.72–74 More direct measurements of stress 
may enable the identification of the underlying mechanisms con-
tributing to our findings. Therefore, it may be worthwhile to better 
examine the stress response in individuals with diverging SA during 
the HAT to elucidate whether the addition of haptics elevates LSA 
individuals' performance through a decreased stress response.

As the HAT is an emerging paradigm, the current study did not 
include an a priori time constraint like the MRT, instead it was ap-
plied individually using a low- pass filtering approach. Here, an av-
erage time per question is calculated ±1SD for each HAT condition. 
This number represents an upper and lower time limit for each indi-
vidual; if the time to answer is exceeded for a particular question, it 
is deemed incorrect. It is possible that an overt time constraint in the 
HAT, like that of the mental rotations test, would increase partici-
pants' stress and change the results found in HSA and LSA individu-
als. As the current study was exploratory in nature, the imposition of 
a standard time limit across all subjects may exacerbate hand–object 
behavioral differences, pupillometry, and HAT scores beyond what 
we witness here. This remains an area of future research opportuni-
ties as the field of haptic abilities grows.

Finally, to assess haptic behavior more discreetly during haptic 
tasks inherent to HAT, future studies may consider altering sensory 
feedback of the HAT shapes, recording more precise hand move-
ments with haptic kinematic gloves, and/or time- motion video per-
formance and data analysis software to better understand hand 
and or object motion tracking as it pertains to human perception 
meets learning behaviors. Further analysis of gaze location related 
to visual and haptic strategies used during the HAT may illustrate 
the further refinement of behavioral differences in individuals with 
divergent SA.

CONCLUSION

This study simultaneously evaluated gaze and hand behavior in spa-
tially and haptically challenging tasks, based on the objects of the 
mental rotations test. Individual spatial abilities were inversely corre-
lated to gaze fixation particularly in erroneous, but mirrored matches 

F I G U R E  8  The Cognitive Theory of Multimedia Learning (CTML) words (red) and pictures (blue) are outlined in solid lines. In learning 
scenarios where touch is possible, the inclusion of haptic perception (green) provides viable sensory channel inputs for learning. The haptic 
input channel is appended to sensory input channels, when required, by the learner (outlined in broken line).
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in the S condition. This difference was eliminated when hands were 
used in the H condition, specifically the “palpation” strategy in the H 
condition of the HAT. The temporal measurements of gaze behavior 
of most indices (visual fixations per question, average fixation dura-
tion, and fixation rate) and haptic behavior (percentage of time spent 
touching each of the four HAT objects) were similar across spatial 
abilities indicating subtle and deeper differences in how spatial and 
haptic abilities afford environmental awareness. This is some of the 
first data to elucidate a third type of sensory memory to the infor-
mation processing model contributing to the cognitive theory of 
multimedia learning, tactile sensory memory. Therefore, if opportu-
nities for touch are included in learning and assessments scenarios, 
improved student performance could be a result.
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