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Abstract
Previous studies on mental rotation (i.e., the ability to imagine objects undergoing rotation; MR) have mainly focused on 
visual input, with comparatively less information about tactile input. In this study, we examined whether the processes 
subtending MR of 3D stimuli with both input modalities are perceptually equivalent (i.e., when learning within-modalities 
is equal to transfers-of-learning between modalities). We compared participants’ performances in two consecutive task 
sessions either in no-switch conditions (Visual→Visual or Tactile→Tactile) or in switch conditions (Visual→Tactile or 
Tactile→Visual). Across both task sessions, we observed MR response differences with visual and tactile inputs, as well 
as difficult transfer-of-learning. In no-switch conditions, participants showed significant improvements on all dependent 
measures. In switch conditions, however, we only observed significant improvements in response speeds with tactile input 
(RTs, intercepts, slopes: Visual→Tactile) and close to significant improvement in response accuracy with visual input 
(Tactile→Visual). Model fit analyses (of the rotation angle effect on RTs) also suggested different specification in learning 
with tactile and visual input. In “Session 1”, the RTs fitted similarly well to the rotation angles, for both types of percep-
tual responses. However, in “Session 2”, trend lines in the fitting analyses changed in a stark way, in the switch and tactile 
no-switch conditions. These results suggest that MR with 3D objects is not necessarily a perceptually equivalent process. 
Specialization (and priming) in the exploration strategies (i.e., speed-accuracy trade-offs) might, however, be the main factor 
at play in these results—and not MR differences in and of themselves.
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Introduction

The processing of visual spatial information (i.e., object 
features or geons, see Biederman 1987; Treisman and Gor-
mican 1988), the synthesis of visual features into mental rep-
resentations (Barquero and Logie 1999; Logie and Helstrup 
1999), and the manipulation of these mental representations 
has interested psychologists for a long time. One special 
class of representation manipulation is known as mental 
rotation (MR; Shepard and Metzler 1971) which refers to 
the process of rotating a mental representation of a perceived 
stimulus along a mentally represented axis (e.g., imagine the 
letter “a” rotating to an upside down position). Although we 
know much about the processing of MR with visual input, 
we have comparatively less knowledge of the processing 
involved when stimuli are touched.
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MR with visual input

One method to investigate MR is to ask participants to indi-
cate as fast as possible whether drawings of 3D objects, pre-
sented side-by-side in varying angular orientations (i.e., 0°, 
30°, 60°, etc.), are the same or different (mirror-reversed, 
see Shepard and Metzler 1971). The typical behavioral sig-
nature of MR is that in trials where the participants report 
no difference between objects (parity-trials), both response 
times (RT) and error rates increase with increasing rotation 
angle between the two depictions, while this is not the case 
for non-parity-trials. The linear relation of RT to rotation 
angle on parity-trials suggests a mental analogue to a physi-
cal rotation: the more you rotate, the longer it takes (Corbal-
lis and McMaster 1996; Kosslyn et al. 1998). These basic 
response patterns have been observed, for example, with 
alpha-numerical characters (e.g., Shepard and Cooper 1982; 
Dalecki et al. 2012), unfamiliar 2D shapes (e.g., polygons: 
Cooper 1975) and unfamiliar 3D shapes (e.g., polyhedral: 
Kawamichi et al. 2007; Shepard and Metzler 1971).

Neuroimaging studies commonly suggest that the “rota-
tion” process is visual, because brain activations during MR 
are mainly located in specific associative visual areas in the 
parietal and occipital cortices (Roland and Gulyas 1994; 
Zhang et al. 2004; see also reviews by; Farah 1988; Finke 
and Shepard 1986; Kosslyn et al. 2006; Tippet 1992). How-
ever, visual experience does not preclude, in and of itself, the 
use of other non-visual or more general cognitive strategies. 
What one “visualizes” need not be a proper visual image of 
an object, but might only contain its spatial coordinates (see 
Farah et al. 1988; Kozhevnikov et al. 2005) and orientation-
dependent spatial (non-visual) information (see Liesefeld 
and Zimmer 2013). Although the hypothesized visual nature 
of MR has been investigated extensively, it clearly remains 
a source of debate (see Kosslyn et al. 2006; Pylyshyn 2003, 
1979).

MR with tactile input

Other behavioral studies have shown that MR does not nec-
essarily depend on visual encoding, but can be performed 
just as well with tactile input1 (Carpenter and Eisenberg 
1978; Dellantonio and Spagnolo 1990; Prather and Sathian 
2002; Rösler et al. 1993; Toussaint et al. 2012). That is, 
active touch with movements renders accurate spatial infor-
mation about an object’s location, distance, direction, and 
shape (Garbin 1990; Millar 2006; Lackner and DiZio 2005; 

Revesz 1950) using one or both hands. Tactile representa-
tions might be constructed differently, as the time needed to 
optimally integrate tactile information is much longer. How-
ever, tactile response patterns have been shown to reflect 
similar rotation angle effects compared to the traditionally 
observed MR response patterns with visual input (i.e., longer 
RTs at higher rotation angles; Dellantonio and Spagnolo 
1990; Prather and Sathian 2002). Studies also report similar 
activation in visual cortical areas during MR with visual and 
tactile inputs (Cohen et al. 1996; Wraga et al. 2005; Prather 
et al. 2004). Moreover, the parietal cortex is a convergent 
node for both visual and tactile information about the rela-
tive shape of objects (Amedi et al. 2001) and a functional 
area for both MR of objects with visual and tactile inputs 
(Cohen et al. 1996; Röder et al. 1997; Rösler et al. 1993; 
Tagaris et al. 1998).

Visual and tactile response similarities in MR tasks could 
relate to at least three accounts. (1) First, a visual depend-
ency account states that whereas basic information uptake 
differs between both sensory systems, tactile information 
is also translated into a visual format for further percep-
tual and cognitive processing (Millar and Al-Attar 2002; 
Pascual-Leone and Hamilton 2001). (2) Second, that both 
sensory systems share common representations does not 
necessarily mean that these representations are visual. Infor-
mation reaching parietal areas, following both visual and 
tactile information uptake, has already undergone extensive 
processing. The dorsal stream (to which the parietal areas 
belong) is considered to transmit spatial information. Thus, 
it is more likely that the common representations are spatial 
in nature and sufficiently detached from the sensory modali-
ties through which they are derived (in contrast to sensory 
dependent [visual or tactile], see Liesefeld and Zimmer 
2013). (3) Third, since the quality of information uptake 
differs between touching and seeing (Reales and Ballesteros 
1999), the sensory experiences and representations of the 
sentient individual could also differ. For example, as touch-
ing relies extensively on the motor component of the hand 
and effectors, touch information is also translated from spe-
cific reference frames (i.e., the body midline axis, see Vol-
cic et al. 2009, 2010). Under such a description, both input 
modalities could produce sensory-specific representations 
during shape perception (i.e., see Garbin 1990, 1988; Garbin 
and Bernstein 1984) and MR.

Perceptual equivalence testing and learning in MR

In the present study, our aim was to test the perceptual equiv-
alence hypothesis for MR, with natural tactile and visual 3D 
stimuli, using a transfer-of-learning paradigm. Under this 
approach, participants perform similar tasks in two consecu-
tive sessions, each using—for the present purposes—two dif-
ferent perceptual modalities (Ballesteros et al. 1999; Easton 

1 It should be kept in mind that what is actually manipulated is the 
input condition, that is, either visual or tactile. Whether the actual 
process of MR is specific to vision and touch or more generalized is 
addressed with this research.
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et al. 1997; James et al. 2006). The first session serves as 
familiarization and baseline, and the second session exam-
ines the effects of this previous experience. Significant 
learning transfer (i.e., percent improvements in “Session 2”, 
compared to baseline results in “Session 1”) suggests simi-
lar processing and that information can be shared between 
both perceptual modalities. When both transfer-of-learning 
directions (visual→tactile and tactile→visual) show iden-
tical improvements to both within-modality learning situ-
ations (visual→visual and tactile→tactile), this meets the 
requirement for perceptual equivalence (Garbin 1988; Hat-
well 2000; Streri 2000).

Our participants were divided into four groups, and com-
pleted two consecutive MR tasks either in the same per-
ceptual modalities (no-switch conditions: Visual→Visual 
[V→V] and Tactile→Tactile [T→T]) or in different percep-
tual modalities (switch conditions: Visual→Tactile [V→T] 
and Tactile→Visual [T→V]). Whether each condition 
showed similar learning in “Session 2” tasks in comparison 
to baseline “Session 1” tasks was the critical question to test 
the perceptual equivalence hypothesis for MR. Asymmetries 
in improvements between switch (and no-switch) conditions 
could also warrant the consideration of differences in pro-
cessing (Hatwell 2000), and therefore, a certain dependency 
on sensory specific experience.

Similar to the present study, Toussaint et al. (2012) had 
their participants perform the Mental Rotation Test (MRT, 
Vandenberg and Kuse 1978) in two consecutive sessions, 
either under switch or no-switch conditions. This was done 
to determine whether MR abilities overlap or are more spe-
cific to a given sensory modality. For switch conditions, they 
only observed transfer-of-learning for accuracy, but not for 
RTs—which could suggest sensory specific influences on 
visual and tactile MRT performances. Since the MRT is not 
a pure measure of MR (see Caissie et al. 2009), Toussaint 
et al. (2012) treated their results with caution. The critical 
difference in the present study is that we used an experimen-
tal approach with a manipulation of rotational angle in an 
MR task, instead of (versions of) a psychometric test. We 
also used two additional response parameters—the intercept 
and the slope of the model relating response times to rota-
tion angle—to investigate learning in MR (see Provost et al. 
2013).

The intercept reflects the baseline of perceptual encoding 
and confirmation processes (e.g., basic encoding of object 
shapes, object comparisons, response selection, Shepard and 
Metzler 1988) as well as recoding of stimuli into MR-com-
patible representations (see Liesefeld and Zimmer 2013). 
The slope reflects the speed of MR (Bethell-Fox and Shep-
ard 1988; Cohen and Blair 1998; Dror and Kosslyn 1994). 
However, these two parameters are not mutually exclusive 
in the context of MR, and we used this distinction only as 
one of many possible indications (with caution). The slope 

very likely reflects only processes specific for MR, but some 
MR-specific processes likely contribute also to the intercept. 
In our transfer design, improvements in MR performances 
from “Session 1” would be reflected by decreasing slope and 
intercept values in “Session 2”.

Learning effects, specifically for MR, have received much 
attention, but their underlying mechanisms remain poorly 
understood. For some researchers, learning in MR is depend-
ent on context repetition, and does not necessarily generalize 
to new (perceptual) contexts (Heil et al. 1998; Provost et al. 
2013; Tarr and Pinker 1989). Heil and colleagues (1998) 
have suggested that learning is dependent on the repetition 
of object perspective views, occurring only in test condi-
tions very similar to the familiarization conditions. For other 
researchers, training changes the nature of the cognitive sub-
routines (i.e., speed of MR) and the repetition of similar 
processes should speed up performances (see Wallace and 
Hofelich 1992; Bethell-Fox and Shepard 1988). That is, 
learning is independent of the particular type of perceptual 
input (Stigler et al. 1988), as long as the same internal pro-
cesses are involved. In particular, transfer-of-learning will 
strongly depend on the similarity of participants’ stored 
visual and tactile representations—and processing of these 
representations—during MR.

Performance measures in MR and predictions

For the present purposes, we considered analyses on two 
performance measures: accuracy and RT; and made infer-
ences on the slope and intercept parameters of the thus 
derived RT functions. Whether performance patterns with 
both visual and tactile input complied similarly with tra-
ditionally observed MR patterns was assessed at baseline 
(“Session 1”). We evaluated transfers-of-learning (switch 
condition) and learning (no-switch condition) from “Ses-
sions 1” to “Session 2”, on slope and intercept param-
eters. We further conducted contrast analyses—using fit 
statistics—to relate the effects of rotation angle to MR in 
both perceptual modalities. Three sets of predictions can 
be formulated. (1) We expected that both visual and touch 
responses match the traditionally observed MR response 
signatures (Shepard and Metzler 1971; Prather and Sathian 
2002). (2) We expected improvements, that is, positive trans-
fer, in the no-switch conditions from “Sessions 1” to “Ses-
sion 2” (Heil et al. 1998; Provost et al. 2013). The critical 
question, however, was whether the improvement would be 
the same also for the switch conditions. Observing differ-
ences between switch conditions and no-switch conditions 
would suggest that MR can solicit sensory specific pro-
cesses/representations (Garbin 1990; Hatwell 1983, 2000; 
Streri 2000). However, if the MR strategy is perceptually 
equivalent, we expected no differences between conditions. 
(3) Finally, we expected a linear fit of RTs to rotation angle, 
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which would unequivocally relate effects of rotation angle 
to MR in both perceptual conditions, at both “Sessions 1” 
and “Session 2”.

Methods

Participants

Fifty-six right-handed adults (mean age 21.78 years, 26 
females) from the Poitiers area in France voluntarily par-
ticipated in this study. They reported normal or corrected-
to-normal vision and no tactile sensory loss. All participants 
were treated according to the guidelines given by the WMA 
Declaration of Helsinki for research involving human sub-
jects (World Medical Association 2013, para. 26).

MR tasks and experimental setup

Both MR tasks, with tactile and visual input, consisted each 
of a presentation of 56 pairs of 3D cubes modelled after the 
Shepard and Metzler (1971) stimuli. Each pair presented a 
model to the left and a comparison object to the right (per 
task: 28 parity and 28 non-parity pairs). Participants were to 
indicate as fast as possible whether the two objects were the 
same or different. We created four model objects for our pur-
poses (see Fig. 1a). Each object consisted of an assembly of 
ten wooden cubes, forming a 3D object with four segments 
and three right angles. The objects were placed on steel fixa-
tions (length ~ 3.5 cm; diameter = 0.3 cm) and centered on 
wooden presentation boards (eight boards 40 cm × 20 cm), 
15 cm apart (see Fig. 1b). For each presentation board, 
the comparison objects could be rotated to seven different 
positions relative to the model objects, varying in rotation 
angles up to 180° (0°; 30°; 60°; 90°; 120°; 150°; 180° on 
the z-axis). The comparison objects were either the same 
or—in the case of non-parity-trials—mirrored versions of 
the model objects. Fifty-six pairs were presented per session 
in both the tactile and visual tasks: 4 models × 2 response 
possibilities (parity and non-parity) × 7 rotation angles.

Participants were seated facing an experimental box. 
Each trial board was positioned 60 cm at a downward angle 
of 35° from the participants’ eyes. The trial boards were 
positioned 40 cm above the surface of the working table 
(within reach of participants’ right hand in the tactile modal-
ity). Exploration for every trial started on the model (on the 
left). In both perceptual modalities, participants gave parity 
judgments with the middle and index fingers of their left 
hand, using response keys (parity or non-parity). Figure 1c 

illustrates the experimental box and response modalities for 
both perceptual tasks.

Groups and procedure

Participants were randomly assigned to one of four groups. 
They either performed two successive “Sessions 1” and 
“Session 2” in the same perceptual modalities (No-switch: 
T→T and V→V) or in different perceptual modalities 
(Switch: V→T and T→V). Overall, 112 object pairs were 
administered to each participant. The 56 pairs in “Session 
1” were repeated during “Session 2”, and administered 
within each session in a random order. For each session, 
participants received the same instructions. Four practice 
trials were used to familiarize participants with the par-
ticular equipment, and the experimenter made sure the 
instructions were understood (note: the practice trials were 
not repeated during the experiment). No performance feed-
back was given during the actual experiment. Participants 
were given a 5-min break between task sessions, i.e., the 
time needed by the experimenter to calibrate and prepare 
the equipment for the next session. The experiment lasted 
approximately 1 h.

Visual task: response recording and RT definitions

RT measurement in the visual modality was based on eye-
movement recording, using the non-intrusive ©Tobii 120X 
eye-tracking system which consists of a 17-in. screen con-
nected to a computer. The screen was placed behind the 
object pairs in a way to avoid interference and loss of 
signal with the system cameras and infrared pupil mark-
ers (the height of the object presentation rails was at ¼ 
from the base of the screen). The objects were centered 
vertically and horizontally in front (10 cm) of the screen. 
Optimal measurement also required adequate lighting on 
the objects. A basic grey scale (R:G:B = 128:128:128) on-
screen minimized screen brightness and eliminated image 
persistence after-effects during trials. A chin rest was used 
to avoid loss of threshold from unnecessary head move-
ments (viewing distance of approximately 60–70 cm). Eye 
movements were recorded with a sampling rate of 60 Hz 
and a constant precision of 0.5°. Several pre-tests ensured 
that measurement was optimal throughout the data col-
lection (i.e., from first fixation on-trial to response selec-
tion). Prior to starting the visual task, the eyetracker was 
calibrated using a standard coordinate fixation procedure. 
Between trials, participants fixated a visual cross at the 
bottom of the screen, which guaranteed ongoing calibra-
tion and measurement during the visual task. The program 
recorded participants’ responses, and RTs were defined 
as starting with the first ocular fixation on the displayed 
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objects until a response key was pressed (this was to 
equate with the tactile RT definition, see below).

Tactile task: response recording and RT definitions

For the tactile modality, participants’ performances were 
filmed using a digital camera. Video sequencing of tactile 
inspection was done using the Actogram Kronos™ soft-
ware. Video sequences included the right hand touching 
the objects and two response activated lights (for parity 

and non-parity responses, respectively). Once activated, the 
lights signaled participants’ response choices. Participants 
were instructed to use their right hand, and access to the two 
objects was not constrained (i.e., use of all fingers and hand 
in whichever angle was best suited to the individual’s input 
approach). RT per trial was calculated in seconds, beginning 
with the first inspection (i.e., when the hand first touches the 
model) until a response key was pressed (note: left-hand fin-
ger response switches were designed to mimic the response 
switches used in the visual task).

Fig. 1  a Four models used for the construction of parity and non-
parity-trials. b Left: example of a parity-trial with the model to the 
left and the comparison object to the right (15 cm apart). Right: view 
from underneath the boards, with the rotation system for the compari-
son object at seven possible rotation angles (0°; 30°; 60°; 90°; 120°; 
150°; 180°). c Illustration of the experimental box and work space for 
both perceptual modalities. (i) Rail system used to slide object pairs 
in position for each trial. (ii) Opaque screen between experimenter 
and participants. (iii) Work space. (iv) Position of object pairs dur-
ing both perceptual modalities. (v) Video camera filmed the right 

hand on the objects. (vi) Mechanical door for visual task entry on 
the object pairs. (vii) Response keys (computer mouse buttons for 
the visual task). (viii) ©Tobii 120X screen for recording eye move-
ments. (ix) Between trials visual fixation cross. (x) Opaque visual 
occlusion screen used during tactile task (participants placed their 
right arm through an entry slot at the bottom of this screen to touch 
the objects). (xi) Response keys (light switches for the tactile task). 
(xii) Right arm rest. (xiii) Lights to signal the response and nature of 
response, and to alert the experimenter to switch trials during both 
tactile and visual tasks
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Data treatment and analyses

Of the total 56 participants, data from one participant were 
excluded because he/she reached accuracy levels around 
50% (chance level). Further, 43 of the total 6272 trials in the 
trial list encountered problems and were thus rejected/non-
collected (0.7%, 20 parity-trials and 23 non-parity-trials = 18 
tactile trials and 25 visual trials). Stimulus rotation angles 
were collapsed into four variable levels: 0° (null rotation 
angle), 30°–60° (low rotation angle), 90°–120° (medium 
rotation angle), 150°–180° (high rotation angle), to reach 
a sufficient number of correct trials per resulting cell (and 
thereby to avoid empty cells).2 Both types of trials (parity vs. 
non-parity) were treated separately and only the main anal-
yses on parity-trials are reported (see “Results” section).3 
Accuracy was calculated as the percentage of correct trials 
for each rotation angle level. RTs deviating more than 2.5 
standard deviations from the mean (calculated separately for 
each participant and design cell, within rotation angle levels) 
were excluded as outliers (3.5%).4 Corrected mean RTs were 
then calculated for every rotation angle level. Accuracy and 
RT data were given the same treatment in both “Sessions 1” 
and “2”. We applied a significance criterion of α = 0.05 for 
all analyses.

“Session 1” analyses examined whether differences 
appeared between participants’ MR performances with tac-
tile and visual inputs. We assessed whether the visual and 
tactile response patterns complied similarly with traditional 
response patterns, which would suggest that participants 
perform a MR on parity-trials (Shepard and Metzler 1971). 
“Session 2” analyses examined the effect of previous sensory 
experience (i.e., switch condition vs. no-switch condition). 
For “Session 1”, both dependent measures were submitted 
to a 2 Perceptual Modality (tactile vs. visual) × 4 Rotation 
Angle (0°, 30°–60°, 90°–120°, and 150°–180°) ANOVA. 
For “Session 2”, the dependent variables were submitted to 
a 2 Perceptual Modality (in “Session 2”) × 2 Switch (switch 
condition vs. no-switch condition) × 4 Rotation Angle 
ANOVA. We then carried out ANOVAs with Perceptual 

Modality as the single variable (“Session 1”) or with Per-
ceptual Modality × Switch (“Session 2”) on the slope and 
intercept values of the function relating RTs and Rotation 
Angle (see below for calculation of these measures). While 
Perceptual Modality and Switch were between-participants 
variables, we treated Rotation Angle as a repeated-measure.

Slope and intercept values were calculated as a function 
of the RT data on all seven rotation angles, only for correctly 
responded to parity-trials. To further quantify changes from 
“Sessions 1” to “Session 2” (i.e., performance improve-
ment or performance decrement for slope and intercept), 
we computed the change in performances from “Session 1” 
to “Session 2” relative to a baseline measure (we refer to 
this as the change rate and express this as a percentage). As 
the baseline, we used “Session 1” data collapsed across par-
ticipants in the no-switch condition and across participants 
in the switch condition  (baselinetactile = average of tactile 
performances in “Session 1” for T→T and T→V groups; 
 baselinevisual = average of visual performances in “Session 
1” for V→V and V→T groups; see Toussaint et al. 2012, 
for a similar procedure). Change rate was calculated as the 
difference between “Session 2” performance and the respec-
tive baseline (average across participants), divided by this 
baseline (and multiplied by 100). We report positive change 
rates as indicating improvements in the intercept values and 
slope values. Negative change rates indicate deterioration 
in performance (i.e., slope increase and intercept increase).5 
For change rates, the most interesting results concern effects 
of Perceptual Modality and Switch. We therefore ran a 2 
Perceptual Modality (tactile vs. visual) × 2 Switch (switch 
condition vs. no-switch condition) ANOVA on both slope 
and intercept change rate dependent measures.

We further conducted contrast analyses to relate the 
effects of Rotation Angle to MR for both tactile and visual 
responses. Two curves (a line and a parabola) were fit for 
each Perceptual Modality (tactile vs. visual) for “Session 
1” and as a function of Switch (switch vs. no-switch) for 
“Session 2”. Participants’ responses were analyzed within-
modalities in “Session 1”. In the second Session, each group 
subtype (T–T, V–V, V–T, T–V) was treated separately. Fit-
ting was achieved via MATLAB 2016b (MathWorks)’s 
“curve fitting toolbox”. Because of the presence of signifi-
cant outliers in the cleaned data across rotation angles, the 

2 It would have been preferable to administer more trials per partici-
pant. However, tactile sessions conceivably required longer responses 
per trial and thus more experimentation time, rendering it impractical 
to administer more trials for each rotation angle cell per participant. 
As a result, the reader should keep in mind that between-subjects 
effects could have low power and that the estimates of mean RTs and 
accuracies are not as reliable, compared to traditional MR studies.
3 We invite the interested reader to consult non-parity response anal-
yses in the “Appendix A2”. Since it is less clear which processes sub-
tend solving these trials, our main analyses focused on parity-trials 
which specifically require MR processing (i.e., objects are the same).
4 For trial-wise outlier rejection, different methods were trialed giv-
ing similar results (e.g., log transformed RTs, interquartile range cut-
off).

5 Therefore change rates for slopes and intercepts were calculated 
as CR = [(baseline—“Session 2”)/baseline] × 100. Both switch and 
no-switch group performances in “Session 2” were compared to 
the same averaged baseline in “Session 1”. In the case of no-switch 
groups, no significant difference was rendered between actual perfor-
mances and the average baseline calculation. This average calculation 
ensured a comparison of switch group performances for the partici-
pants that did not actually repeat the same set of trials in both “Ses-
sion 1” and “Session 2”.
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fit was weighted using the standard deviation of the observa-
tions across each rotation angle, and was made robust using a 
least absolute residuals (LAR) algorithm. The LAR method 
minimizes the absolute difference in the residuals rather than 
the squared differences. This allows the extreme values to 
have a lesser influence on the minimization procedure.

Results

Session 1

Mean accuracy is visualized in Fig.  2 (left panel) and 
summarized in Table  1 (see “Appendix” section). The 
ANOVA revealed a main effect of Perceptual Modality, 
F(1,53) = 4.20, p = 0.045, ηp

2 = 0.07, a main effect of Rota-
tion Angle, F(3,159) = 24.72, p < 0.001, ηp

2 = 0.32, as well 
as an interaction between these variables, F(3,159) = 8.31, 
p < 0.001, ηp

2 = 0.14. Participants made fewer errors on tac-
tile compared to visual trials (90.7 ± 8.3 vs. 82.9 ± 15.3%), 
with this distinction being more important at higher rota-
tion angles. Figure 2 (left panel) also suggests a greater 
effect of Rotation Angle on participants’ responses in the 
visual modality. Thus, we further analyzed the Accuracy 
data, within both perceptual modalities separately, via ANO-
VAs with Rotation Angle as a single factor. Whereas par-
ticipants’ responses in the tactile modality were not affected 
significantly by the level of Rotation Angle, F(3,81) = 3.25, 
p = 0.042, ηp

2 = 0.11, participants’ responses in the visual 
modality showed a strong main effect of Rotation Angle, 
F(3,78) = 24.16, p < 0.001, ηp

2 = 0.48.

Mean correct RTs are visualized in Fig. 2 (right panel) 
and are summarized in Table 1 (see “Appendix”).6 The 
ANOVA revealed main effects of Perceptual Modal-
ity, F(1,53) = 78.76, p < .001, ηp

2 = 0.60, Rotation Angle, 
F(3,159) = 29.91, p < .001, ηp

2 = 0.36, as well as an inter-
action between these variables, F(1,159) = 10.27, p < .001, 
ηp

2 = 0.16. As expected, participants’ responses in the tactile 
condition generally required more time than participants’ 
responses in the visual condition (14.0 ± 6.5 vs. 2.8 ± 0.9 s). 
Figure 2 (right panel) also suggests different effects of the 
Rotation Angle, depending on the perceptual modality. 
Thus, we further analyzed RT data, within both perceptual 
modalities, via ANOVAs with Rotation Angle as a single 
factor. Participants’ responses seemed not to be affected dif-
ferently by the level of Rotation Angle in both perceptual 
modalities, tactile: F(3,81) = 19.86, p < .001, ηp

2 = 0.42, 
and visual: F(3,78) = 31.57, p < .001, ηp

2 = 0.55. However, 
ANOVAs with Perceptual Modality as the single variable 
also showed that slopes, F(1,53) = 16.42, p < .001, ηp

2 = 0.24 
(visual: 7.7 ± 5.3 ms/°, tactile: 27.1 ± 24.3 ms/°), as well 
as intercepts, F(1,53) = 65.76, p < .001, ηp

2 = 0.55 (visual: 
2.2 ± 0.7 s, tactile: 11.7 ± 6.0 s), markedly differ between 
the response patterns obtained in both perceptual modalities.

Session 2

Mean accuracy is visualized in Fig. 3 (left panel). The 
ANOVA on accuracy only revealed a main effect of Rota-
tion Angle, F(1,51) = 12.14, p < .001, ηp

2 = 0.19, and two 
significant interactions: Perceptual Modality × Switch, 
F(1,52) = 7.94, p = .007, ηp

2 = 0.13, and Perceptual 

Fig. 2  Left: “Session 1” mean accuracy as a function of Perceptual 
Modality (tactile vs. visual) and Parity type (Parity vs. Non-parity) 
at every Rotation Angle (0°, 30°–60°, 90°–120°, 150°–180°). Right: 
“Session 1” mean correct RTs as a function of Perceptual Modality 

and Parity type at every Rotation Angle. Note: average accuracy for 
non-parity-trials is only featured here for direct comparison with par-
ity responses, although we did not feature them in the main analyses

6 The interested reader is also invited to consult “Session 1” and 
“Session 2” analyses on non-parity-trials in the “Appendix A2”.
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Modality × Switch × Rotation Angle, F(3,153) = 3.74, 
p = .021, ηp

2 = 0.07. We thus further analyzed the data from 
both perceptual modalities separately via Switch × Rota-
tion Angle ANOVAs. For participants’ tactile response 
patterns, we observed a Switch effect, F(1,26) = 4.30, 
p = .048, ηp

2 = 0.14, a significant Rotation Angle effect, 
F(3,78) = 3.67, p = .007, ηp

2 = 0.26, and a significant inter-
action between Switch and Rotation Angle, F(3,78) = 3.66, 
p = .016, ηp

2 = 0.12. Participants in the switch condition 
(Visual–Tactile) obtained significantly lower tactile accuracy 
at higher rotation angles compared to participants in the no-
switch condition (Tactile–Tactile). For participants’ visual 
response patterns, we also observed a trending (marginally 
above the alpha value) Switch effect of the opposite direc-
tion, F(1,25) = 3.67, p = .067, ηp

2 = 0.13, and a significant 
Rotation Angle effect, F(3,75) = 9.07, p = .001, ηp

2 = 0.27. 
Participants in the switch condition (Tactile–Visual) tended 
to obtain better accuracies, compared to participants in the 
no-switch condition (Visual–Visual). While participants’ 
prior tactile experience tended to improve their response 
accuracy in the visual task (in “Session 2”), participants’ 
prior visual experience was non-beneficial for their response 
accuracy in the tactile task.

Mean correct RTs for parity-trials are visualized in Fig. 3 
(right panel). ANOVAs for RTs revealed main effects of 
Perceptual Modality, F(1,51) = 120.33, p < .001, ηp

2 = 0.70 
(T > V), and Rotation Angle, F(3,153) = 33.87, p < .001, 
ηp

2 = 0.40, and a significant interaction between both vari-
ables, F(3,153) = 8.65, p < .001, ηp

2 = 0.15. Neither a main 
effect nor any interactions involving Switch were significant 
(Fs ≤ 1.06). We further analyzed the data from both percep-
tual modalities separately to mirror the accuracy analysis 
for “Session 2”, via Switch × Rotation Angle ANOVAs. 
For participants’ tactile response patterns, we observed the 
expected Rotation Angle effect, F(3,78) = 20.67, p < .001, 
ηp

2 = 0.44, but no Switch effects (Fs < 1). For participants’ 
visual response patterns, we observed a significant Switch 
effect, F(1,25) = 8.66, p = .007, ηp

2 = 0.26, and the expected 
Rotation Angle effect, F(3,75) = 35.34, p < .001, ηp

2 = 0.59. 

Participants in the switch condition (Tactile–Visual) 
obtained significantly longer RTs compared to participants 
in the no-switch condition (Visual–Visual). A tactile prior 
experience was thus non-beneficial for the response speeds 
in the visual task.

Two-way ANOVAs with Perceptual Modality and Switch 
as variables also showed that slopes, F(1,51) = 11.42, 
p < .001, ηp

2 = 0.19 (visual: 5.9 ± 4.1  ms/°, tactile: 
16.9 ± 16.1 ms/°), and intercepts, F(1,51) = 117.86, p < .001, 
ηp

2 = 0.70 (visual: 2.1 ± 0.7 s, tactile: 9.0 ± 3.2 s), markedly 
differ between participants’ visual and tactile response pat-
terns. No switching effects, nor interactions between both 
variables, were observed (Fs ≤ 1.14).

Change rate analyses

We compared participants’ respective slope and intercept 
change rates, as a function of Perceptual Modality and 
Switch in “Session 2” (see Fig. 4). Further interpretations 
of the main analyses will refer to t test results that evaluate 
whether change rates by dependent measures and by groups 
significantly differ from zero. ANOVA results on slope 
change rates revealed no effect of Perceptual Modality, nor 
Switch, and no significant interactions between these vari-
ables (all Fs ≤ 2.63). Significant change rates were, however, 
observed in the no-switch conditions (V→V, t(12) = 3.89, 
p = .002, d = 1.53, and T→T, t(13) = 5.52, p < .001, d = 2.09) 
and prior visual switch condition (V→T, t(13) = 3.59, 
p = .003, d = 1.36), as the descriptive patterns also suggest 
(see Fig. 4). In these conditions, prior visual experience 
speeds up participants’ MR, whereas tactile prior experi-
ence has no effect on the speed of MR for participants in 
the visual modality (T→V, t(13) = 0.24, p = .814, d = 0.09).

ANOVA results on intercept change rates revealed a 
significant effect of Perceptual Modality, F(1,51) = 5.44, 
p = .024, η2

p = 0.10, a close to significant effect (margin-
ally above the alpha value) of Switch, F(1,51) = 3.43, 
p = .070, η2

p = 0.06, but no significant interaction between 
these variables, F(1,51) = 1.78, p = .100, η2

p = 0.05. In the 

Fig. 3  Left: “Session 2” mean 
accuracy as a function of 
Perceptual Modality (tactile vs. 
visual) and Switch condition 
(Switch vs. No-switch) at every 
Rotation Angle (0°, 30°–60°, 
90°–120°, 150°–180°). Right: 
“Session 2” mean correct RTs 
as a function of Perceptual 
Modality and Switch condition 
at every Rotation Angle (sw 
switch condition, no-sw no-
switch condition)
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no-switch conditions and the tactile switch condition, par-
ticipants’ improvement is significant (V→V, t(12) = 2.88, 
p = .014, d = 1.13, T→T, t(13) = 3.46, p = .004, d = 1.31, 
V→T, t(13) = 2.78, p = .016, d = 1.05). For the visual switch 
condition (T→V), participants do not show improvement, 
t(13) = − 0.76, p = .461, d = − 0.29. This confirms that par-
ticipants’ prior tactile experience is non-beneficial for their 
visual processing in “Session 2”, while participants’ prior 
visual experience speeds up their subsequent tactile process-
ing, similar to improvements observed with participants in 
no-switch conditions.

Linear and quadratic fit statistics7

In the baseline phase of the experiment, i.e., “Session 1”, the 
mean curve across participants regressed to a linear function 
(see Fig. 5). We found that both the linear and the quadratic 
functions fit the data equally well across tactile and visual 
input responses (R2

visual–linear = 0.98, R2
visual–quadratic = 0.96, 

R2
tactile–linear = 0.98, R2

tactile–linear = 0.98).
However, after being informed by one perceptual 

modality to the other, i.e., when the participants are asked 
to switch perceptual modalities (“Session 2”), stark dif-
ferences were observed in the trend lines (see Fig. 6). 
Specifically, when participants switch from the visual to 
the tactile modalities, the data regresses weakly to a lin-
ear model (R2

visual–linear = 0.14, R2
visual–quadratic = 0.00032). 

Whereas when participants switch from the tactile to 
the visual modalities, the data take on a non-linear 
relationship to the rotation angle (R2

tactile–linear = 0.12, 

Fig. 4  “Session 2” change rates on parity-trials by dependent meas-
ures (slope, intercept) as a function of Switch (switch and no-switch) 
and Perceptual Modality in “Session 2” (V visual and T tactile). Posi-

tive transfer: improvement; negative transfer: deterioration. Error bars 
represent one ± standard error for every change rate. Asterisks mark 
an improvement significantly different from zero (ps < 0.05)

Fig. 5  Linear and quadratic fit statistics for both tactile and visual input responses on parity trials at baseline. a Tactile responses; b visual 
responses

7 The interested reader is also invited to consult “Session 1” and 
“Session 2” Accuracy and RT to rotation angle correlational analyses 
in the “Appendix A3”.
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R2
tactile–quadratic = 0.14). Within both perceptual modali-

ties, while the linear and quadratic trends are compa-
rable, the relationship of the reaction times to the rota-
tion angle assumes a much larger variance in the tactile 
modality (R2

tactile–linear = 0.053, R2
tactile–linear = 0.047, 

R2
visual–linear = 0.96, R2

visual–quadratic = 0.92).

Discussion

In the present study, we tested whether MR of 3D stimuli 
is a perceptually equivalent process by directly comparing 
participants’ performances in two consecutive task ses-
sions, with either visual input or tactile input. Two groups 

Fig. 6  Linear and quadratic fit statistics for subgroups in “Session 2”, with similar (no-switch: a T–T and c V–V) and different (switch: b V–T 
and d T–V) prior perceptual experience

Table 1  “Session 1” descriptive 
statistics for Accuracy and RTs 
as a function of Perceptual 
Modality (tactile vs. visual), 
Parity type (parity vs. non-
parity), and Rotation Angle 
(Means ± SD)

Tactile Visual

Accuracy % RT secs Accuracy % RT secs

Parity-trials
 0° 94.64 ± 10.44 12.12 ± 5.80 98.14 ± 6.67 2.06 ± 0.65
 30°–60° 91.96 ± 9.75 12.38 ± 6.16 90.27 ± 12.66 2.70 ± 0.99
 90°–120° 89.90 ± 14.74 15.37 ± 8.01 86.11 ± 15.63 2.99 ± 0.90
 150°–180° 86.16 ± 13.75 16.09 ± 7.05 67.59 ± 23.06 3.47 ± 1.51

N.-parity-trials
 0° 88.09 ± 16.26 15.65 ± 9.33 90.74 ± 14.12 2.79 ± 1.31
 30°–60° 84.37 ± 20.01 15.63 ± 6.83 93.51 ± 11.16 2.87 ± 1.10
 90°–120° 77.55 ± 19.88 15.42 ± 6.52 90.28 ± 17.10 2.86 ± 0.99
 150°–180° 81.69 ± 19.68 15.26 ± 6.64 91.67 ± 10.96 2.95 ± 1.03
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of participants performed twice in the same perceptual 
modality (no-switch conditions: V→V and T→T), and two 
other groups performed one session with visual stimuli 
and the other session with tactile stimuli (switch condi-
tions: V→T and T→V). Here, we first discuss three sets of 
predictions as outlined in the “Introduction” section. The 
first pertains to the traditionally observed MR responses 
(i.e., that response patterns should comply with tradition-
ally observed MR signatures independent of the perceptual 
inputs used). The second pertains to whether perceptual 
equivalence can be concluded for MR of 3D stimuli, using 
a transfer-of-learning paradigm (i.e., perceptual equiva-
lence is concluded when learning within-modalities is 
equal to transfer-of-learning between modalities). In rela-
tion to the third prediction, we briefly discuss the fit of RTs 
to rotation angles, when the MR task is performed with 
tactile input and with visual input, under switch and no-
switch conditions. As they relate to our results, we address 
some explanatory factors for our results throughout the 
remainder of this section—as well as further research 
questions.

MR response signatures

We observed the traditional MR response signatures in 
both perceptual modalities, in “Session 1” and “Session 
2”. Participants’ errors and RTs increased with increasing 
rotation angle between objects, on parity-trials but not on 
non-parity-trials (Shepard and Metzler 1971). These result 
patterns indicate that MR was performed with both visual 
and tactile input. Our basic analyses of responses at higher 
rotation angles show that rotation angle effects tend to be 
more important for participants completing the visual task at 
baseline “Session 1” (see also “Appendix A3” correlational 
analyses). These analyses suggested that rotation angles 
(between objects) were not represented the same way, as 
the perceptual entry to the objects naturally differs for the 
tactile (contact sense) and visual (distance sense) inputs.

Perceptual equivalence hypothesis and specific 
transfers of learning

For change rate analyses, differences in improvements 
between switch and no-switch conditions would be indic-
ative of processing differences between MR with visual 
input and MR with tactile input. However, both our main 
analyses showed no effect of Switch (slope values), or 
only a close to significant effect of Switch (intercept val-
ues). We thus relied on t tests to assess whether learn-
ing in no-switch conditions and transfers of learning in 

switch conditions were significantly different from zero. 
Only participants in no-switch groups and the prior visual 
switch group (V→T) significantly improved their slope 
and intercept values, in “Session 2”.

Participants in no-switch conditions showed the 
expected improvements in “Session 2” on all measures 
(including Accuracy and RTs, Heil et al. 1998; Toussaint 
et al. 2012). A different picture emerged, however, for par-
ticipants’ performances in both switch conditions. Our RT 
results reflect those observed in previous studies that often 
show an absence of effect in the tactile to visual direction 
on spatial tasks (Behrmann and Ewell 2003; Garbin 1988; 
Hatwell 1983, 2000; Streri 2000). However, when individ-
uals switched to the visual task in “Session 2”, informed 
by a tactile prior experience, they tended to be slower but 
more accurate (at least at higher rotation angles). In the 
other direction, a visual prior experience also showed 
tactile speed improvements, similar to improvements in 
no-switch conditions. Notably, faster speeds of MR with 
tactile input following a visual prior experience could sug-
gest similar processing in MR with both perceptual inputs. 
However, when individuals switched to the tactile task in 
“Session 2”, informed by a visual prior experience, they 
also tended to be less accurate.

Overall, the results do not suggest (complete) percep-
tual equivalence for MR with 3D stimuli. Some transfer-
of-learning effects were specific to the perceptual modal-
ity used in Session (1) These effects were also at odds 
with the characteristic learning demonstrated by the par-
ticipants in no-switch groups. In this regard, basic per-
ceptual differences seem unavoidable with 3D stimuli, as 
they could cause specific transfer-of-learning difficulties. 
However, this does not in and of itself rule out that par-
ticipants recruit similar MR processes, independent of the 
sensory modality through which the rotated information is 
collected. The absence of tactile transfer-of-learning in the 
MR task with visual input could also suggest that tactile 
representations are just not useful (or too imprecise, see 
Rock and Victor 1964) when visual information is read-
ily available in Session (2) Participants might judge the 
experience of touching very much different from seeing, 
although the underlying processes in both could very well 
be similar. Therefore, we cannot conclude beyond a doubt 
that the processes subtending MR of 3D stimuli are sen-
sory-specific. Whether they are completely detached from 
the sensory modality through which shape information is 
collected is also still an open question. More research 
would be needed to disentangle these specific perceptual 
influences from the processes involved during MR of 3D 
stimuli. Notably, the presence or the absence of transfer-
of-learning in this study could arise due to factors that we 
did not take into account.
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Strategic influences

It has been suggested that similar processes are active dur-
ing MR of 2D stimuli with visual and tactile inputs (Prather 
and Sathian 2002), but we did not find complete evidence 
of this with 3D stimuli. We suggest that basic visual and 
tactile input differences could play-in the (seemingly) spe-
cific nature of the representations leading to a decision about 
parity-trials. Considering Fig. 2 (right panel) the tactile RT 
function for parity-trials also suggests a qualitative change 
of processing between trials with lower rotation angles 
(0°–60°) and those with higher rotation angles (90°–180°). 
In comparison, the visual RT function is parametrized by a 
smoothly rising slope. Conceivably, when participants’ right 
hand grasps the misaligned comparison objects, at higher 
rotation angles, the perceptual analysis may require a dif-
ferent position of the hand, for the comparison to the model 
object to take place. This adjustment may be indicative of a 
specific (motor or body-centered) component for MR with 
tactile input.

Underlying mechanisms of visual and tactile 3D shape 
processing activate distinct functional paths and locations 
in the brain (Hsiao 2008). As such, a specific role of the 
somatosensory cortex has been observed during tactile 3D 
shape processing (Hsiao et al. 1996) and stimulus orienta-
tion processing (Hsiao et al. 2002). Tactile processing of 3D 
shape is also dependent on the position, structure and move-
ment of hands (Johnson 2001), and inputs from different 
fingers (Klatzky et al. 1985; Pont et al. 1997) with afferent 
information drawing on cutaneous inputs and inputs from 
muscles and joints (Berryman et al. 2006). Whereas MR of 
2D shapes has shown similar visual and tactile rotation angle 
effects on accuracy and RTs, with similar neuroimaging pat-
terns (Prather et al. 2004; Sathian 2005), MR of 3D stimuli 
could comparatively tell a different story.

Perceiving 3D shape requires a very intricate tactile 
analysis, and accordingly we observed, on average, a time 
ratio difference of 5:1 s (tactile:visual) at all rotation angles. 
These time differences may point to strategic differences 
across modalities, and varying exploratory procedures (see 
Lederman and Klatzky 1987). As tactile procedures conceiv-
ably focus on sequential analyses of local object features, 
the opposite tendency of weighting global features has been 
observed for visual analysis (Lakatos and Marks 1999). In 
line with shape perception and MR, touch might therefore 
rely on the spatial processing of local cues (or directional-
ity), whereas vision might rely on a more holistic process 
(vs. piecemeal process; see Kosslyn 1981; Dror et al. 1997) 
especially given the (meaningless) nature of the abstract 3D 
cube shapes used in our study (see Sharps and Nunes 2002; 
Smith and Dror 2001).

In a follow-up to this study, we conducted further analy-
ses on exploratory procedures—specifically the number 

of times participants shifted their attention between the 
model (left object) and rotated object (right object) (see 
Caissie 2013; Just and Carpenter 1985). For the tac-
tile task, these averaged at 0.15 comparisons per sec-
ond (± 0.06). For the visual task, these averaged at 2.18 
comparisons per second (± 0.71), showing a significant 
Perceptual Modality effect, F(1,51) = 373.45, p < .001, 
ηp

2 = 0.88, with a significant rotation angle effect only in 
the visual modality, F(1,24) = 14.98, p = .001, ηp

2 = 0.88 
(tactile: F(1,27) = 0.83, p = .371, ηp

2 = 0.03). These pre-
liminary results also reflect a clear procedural difference 
when comparing participants’ MR performances with tac-
tile input and MR performances with visual input. Perhaps 
this distinction also has much to do with the specializa-
tion in tactile performances, and the seemingly difficult (or 
incomplete) transfer-of-learning between both perceptual 
modalities.

Fit statistics and their meaning

In the baseline phase of the experiment, in “Session 1”, 
the mean curve across participants regressed to a linear 
function, independent of the perceptual modality. That the 
RTs fitted similarly well to the rotation angles were strik-
ing. This suggested a similar functional process involved 
in MR, with both perceptual inputs. However, the picture 
that emerged in “Session 2” showed stark differences in 
the trend lines. This suggests that with practice, differ-
ent consolidation processes are at play within perceptual 
modalities (tactile vs. visual), which could lead to task 
specifications (e.g., rotation effects) that are not entirely 
overlapping (after a prior). In this regard, what practice 
informs is maybe different in nature, when comparing 
participants in both no-switch conditions. For participants 
in the visual no-switch condition, a strong linear effect 
remained evident in “Session 2”. Which was not the case 
for participants repeating the tactile task in “Session 2”. 
That the data regressed weakly to a linear model in one 
switch condition (T-V), and conversely to a more non-lin-
ear relationship in the other (V-T), also suggests a particu-
lar task specification following the switch. These results 
will certainly be worth exploring in more detail in future 
research (i.e., with different learning programs). Further-
more, RTs assumed a much larger variance in the tactile 
modality, which also suggests more diffused tactile solving 
strategies in MR. The explanatory factors underlying these 
individual differences also deserve further inquiry. Taken 
together, these results challenge the depiction of function-
ally equivalent/overlapping processing for both MR with 
tactile input and MR with visual input.
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Priming and speed‑accuracy trade‑offs in switching 
conditions

An alternative theoretical account not yet discussed is prim-
ing. Both sensory modalities (i.e., vision) can prime specific 
cognitive processes/strategies in the other (i.e., touch). At 
baseline, our analyses have shown slower tactile RTs com-
pared to visual RTs, which mean that an extended window 
of temporal integration is necessary to mentally rotate tactile 
input successfully. Our analyses have also shown that par-
ticipants influence their strategies (top-down) differently in 
both sensory contexts, for optimal integration of shape infor-
mation and MR. Together with the fit analyses discussed, we 
can suggest that there are different task specifications and 
learning processes at play in MR with tactile input compared 
to MR with visual input. RTs to rotation angle relationships 
regress differently as a function of the participants’ prior 
experience (visual or tactile) and the condition (switch or 
no-switch). Switching between modalities has thus shown 
difficult (re)integration of information (vs. learning in no-
switch conditions), which we have taken as differences in 
sensory input and processes for MR. However, the possi-
bility that task switching (or sensory switch) specifically 
primes a change in speed-accuracy trade-offs should also 
not be borne out (Liesefeld et al. 2015). By example, visual 
processing informs faster tactile speed (over accuracy), and 
conversely, tactile processing tends to inform a slower (more 
accurate) visual analysis (in comparison to baseline). Thus, 
processing differences in MR with tactile input and visual 
input might preferably be referred to as speed-accuracy 
trade-offs, or strategic differences, in disguise.

Conclusion

In this study, we observed MR response signatures with 
both perceptual inputs (tactile and visual). However, learn-
ing between perceptual modalities was deemed under par 
when compared to learning within perceptual modalities. 
Preliminary model fit analyses (of the rotation angle effect 
on RTs) also suggested a different consolidation and specifi-
cation in learning within perceptual conditions, and between 
perceptual conditions. In “Session 1”, that the RTs fitted 
similarly well to the rotation angles, for both types of per-
ceptual responses, was striking. However, in “Session 2”, 
trend lines in the fitting analyses changed in a stark way 
when considering participants’ responses, in the switch and 
tactile no-switch conditions. These results suggest that MR 
with 3D objects is not necessarily a perceptually equivalent 
process. Specialization (and priming) in exploration strat-
egies might, however, be the main factor at play in these 
results—and not MR differences in and of themselves. More 
research is needed to determine whether transfer-of-learning 

is specifically related to perceptual encoding (and MR) and 
to clearly define strategic (and individual) differences in a 
theoretically driven way (i.e., speed-accuracy trade-offs).
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Appendix

See Table 1.

A2: non‑parity‑trial analyses (accuracy and RTs 
“Session 1” and “Session 2”)

For “Session 1”, we ran single-factor ANOVAs comparing 
participants’ responses as a function of Perceptual Modality 
(tactile vs. visual) on both Accuracy and RTs. The Accuracy 
analysis revealed a significant Perceptual Modality effect, 
F(1,53) = 6.26, p = .016, ηp

2 = 0.11. Participants’ visual 
responses showed better Accuracy on non-parity-trials, 
compared to participants’ tactile responses (91.5 ± 13.4 vs. 
83 ± 19%). The RT analysis also revealed a significant Per-
ceptual Modality effect, F(1,53) = 85.06, p < .001, ηp

2 = 0.62. 
As expected, participants in the tactile modality responded 
slower than participants in the visual modality (15.5 ± 7.3 
vs. 2.9 ± 1.1 s).

For “Session 2”, ANOVAs were based on Perceptual 
Modality (tactile vs. visual) × 2 Switch (switch vs. no-
switch) for both Accuracy and RT analyses. The ANOVA 
on “Session 2” Accuracy only revealed a main effect of 
Perceptual Modality, F(1,51) = 5.36, p = .025, ηp

2 = 0.10, 
and a close to significant effect of Switch, F(1,51) = 3.58, 
p = .064, ηp

2 = 0.07. Overall, non-parity-trial responses with 
visual input are shown more accurate than non-parity-trial 
responses with tactile input (91.5 ± 17.4 vs. 81.7 ± 21%). 
Single variable ANOVAs carried out separately on tac-
tile and visual response data revealed a close to signifi-
cant Switch effect only for participants’ tactile responses, 
F(1,26) = 3.94, p = .058, ηp

2 = 0.13. Participants in the 
switch condition tend to obtain significantly lower tactile 
accuracy compared to participants in the no-switch condi-
tion (75.8 ± 21.8 vs. 87.7 ± 18.4%). A visual prior experience 
is not necessarily beneficial for participants’ tactile perfor-
mances. The ANOVA on “Session 2” RTs only revealed 
a main effect of Perceptual Modality, F(1,51) = 103.97, 
p < .001, ηp

2 = 0.67, with the expected longer RTs with tac-
tile input (10.6 ± 3.7 vs. 2.9 ± 1.2 s). Single variable ANO-
VAs carried out separately on tactile and visual response 
data revealed a significant Switch effect only for partici-
pants’ responses with visual input, F(1,26) = 3.94, p = .058, 
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ηp
2 = 0.13. Participants in the visual switch condition thus 

show significantly longer RTs compared to participants in 
the visual no-switch condition (3.5 ± 1.2 vs. 2.2 ± 0.7 s), 
which indicates that a tactile prior experience slows partici-
pants’ visual responses in “Session 2”.

A3: accuracy and RT to rotation angle relationships 
for “Session 1” and “Session 2”

We examined the strength of the relationship between accu-
racy/RTs and rotation angle, for the participants’ visual and 
tactile responses on parity-trials. For each participant we 
correlated the rotation angles (between object pairs) and 
Accuracy/RTs. For “Session 1”, the participants’ correla-
tion coefficients (visual: mean r = − .27 ± 0.22, tactile: mean 
r = − .10 ± 0.16) both differed significantly from zero—vis-
ual: t(26) = -6.35, p < .001, d = − 1.73, tactile: t(27) = − 3.47, 
p = .002, d = − 0.93—for significantly linear effects. How-
ever, a paired t test comparing the two correlation sets was 
also significant, t(47.86) = − 3.10, p = .003, which suggests a 
stronger dependence of participants’ accuracy on the rotation 
angle when considering responses with visual input, com-
pared to responses with tactile input. For RTs, participants’ 
correlation coefficients (visual: mean r = .46 ± 0.18, tactile: 
mean r = .30 ± 0.21) both differed significantly from zero—
visual: t(26) = 12.68, p < .001, d = 4.97, tactile: t(27) = 7.46, 
p < .001, d = 2.87—for the significantly linear effects. How-
ever, a paired t test comparing the two correlation sets was 
also significant, t(52.6) = 2.90, p = .005, which suggests a 
stronger dependence of participants’ RTs on rotation angle 
when considering responses with visual input, compared to 
responses with tactile input.

We further examined the strength of the relationship 
between accuracy/RTs and rotation angle in “Session 2”, 
to mirror “Session 1” analyses. For accuracy, participants’ 
correlation coefficients for participants in three groups—
V→V: mean r = − .20 ± 0.24, T→V r = − .15 ± 0.23, V→T: 
mean r = − .18 ± 0.19—all differed significantly from zero, 
ts(12,13) ≥ − 2.4, ps ≤ 0.032, ds ≥ − 0.91, for the significantly 
linear effects. The correlation coefficient for the partici-
pants in the tactile no-switch group did not differ signifi-
cantly from zero (T→T: mean r = − .04 ± 0.19, t(13) = − 0.8, 
p = .418, d = − 0.32). A paired t test comparing the correla-
tion sets of tactile groups in “Session 2” (T→T vs. V→T) 
almost reached significance, t(25.9) = 1.93, p = .06. This 
result suggests a stronger dependence of RTs on rotation 
angle in the tactile switch condition, following a visual prior 
experience in “Session 1”. Paired t tests comparing the cor-
relation sets of groups T→T to the visual groups, T→V and 
V→V, also failed to reach significance, ts(25.2,24.9) ≥ 1.3, 
ps ≥ 0.07. For RTs, the correlation coefficients by groups—
V→V: mean r = .50 ± 0.20, T→V r = .45 ± 0.17, T→T: 
mean r = .27 ± 0.17, V→T: mean r = .25 ± 0.17—all 

differed significantly from zero, ts(12,13) ≥ 4.00, ps ≤ 0.002, 
ds ≥ 1.51—for significant linearity effects. The differ-
ence between conditions (switch vs. no-switch) was not 
significant.
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