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Abstract
Perception of exteroceptive properties (e.g., object length) by effortful or dynamic touch is both task-specific and anatomically
independent. We investigate whether task-specificity and anatomical independence generalize to perception of proexteroceptive
properties of the person–object system (i.e., relative position of the body on a wielded object). Moreover, we do so when objects
are wielded by a body part that is unlikely to be well practiced in such tasks—the head. Experiment 1 found that participants can
perceive the relative location of the head on a wielded object and that such perception is likely supported by task-specific
sensitivity to an invariant mechanical stimulation pattern—rotational inertia. Experiment 2 found that participants have at least
some ability to differentiate between this property and a related exteroceptive property (i.e., partial length of a wielded object
extending to one side of the head). The results are discussed in terms of information for perception by effortful touch and a
description of the haptic system as a biotensegrity structure.
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Manipulating the body and/or objects attached to the body by
means ofmuscular effort engages the haptic subsystem known
as dynamic or effortful touch (Gibson, 1966). Decades of
research on perception by dynamic or effortful touch have
shown that when wielding an occluded object, people can
perceive many different geometric and functional properties
of the person–object system including properties of (1) the
object itself (exteroceptive properties), (2) the body itself (pro-
prioceptive properties), (3) the object relative to the body
(exproprioceptive properties), and (4) the body relative to
the object (proexteroceptive properties; Carello & Turvey,
2015; cf. Lee, 1978; Shaw, 2001).

Perception by dynamic touch exhibits marked flexibility in
two important ways. First, as intimated above, it exhibits flex-
ibility in the variety of properties that can be perceived both
within (and across) bouts of wielding. Many different

properties of (components of) a given person–object system
can be perceived when an object is wielded in a particular
manner, with a particular effector, about a particular joint.
For example, when freely wielding an object with the hand
about the wrist, people can perceive the length, width, shape,
orientation, and utility of that object for performing a given
task, among other properties (see Carello & Turvey, 2015,
2017, for reviews).

Second, perception by dynamic touch exhibits flexibility in
the means by which a given property of the person–object
system can be perceived. A specific property of the person–
object system can be perceived when a given object is wielded
in different ways, by different effectors, about different joints.
For example, people can perceive the length of an object when
it is freely wielded or held with minimal movement (Burton &
Turvey, 1990; Carello Fitzpatrick, Domaniewicz, Chan, &
Turvey, 1992); when it is wielded with the hand about the
wrist, the elbow, or the shoulder (Pagano, Fitzpatrick, &
Turvey, 1993); or when it is wielded by the hand, foot, torso,
or head (Hajnal, Fonseca, Harrison, Kinsella-Shaw, &Carello,
2007a; Palatinus, Carello, & Turvey, 2011;Wagman, Langley,
& Higuchi, 2017).

Flexibility in both the variety of properties that can be per-
ceived and in the variety of means by which such properties can
be perceived is grounded in sensitivity to the rotational inertia (I)
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of the person–object system. I quantifies the resistance of an
object to rotational acceleration about a rotation point.
Consequently, it describes the scaling and directing of the mus-
cular forces required to control the object (or person–object sys-
tem). Crucially, I lawfully couples wielding forces to wielding
movements and is invariant across transformations including
wielding movements and trajectories, points of rotation, grasp
types and locations, and anatomical components.

Moreover, perception of particular exteroceptive, proprio-
ceptive, exproprioceptive, and proexteroceptive properties is
lawfully grounded in sensitivity to particular components of I.
Perception of exteroceptive properties (e.g., length, width,
shape) is primarily supported by sensitivity to the moments
of inertia (e.g., Ixx, Iyy, Izz), which quantify rotational inertia
with respect to the three orthogonal axes of rotation (x, y, and
z, respectively). The moments of inertia reflect the symmetri-
cal mass distribution of the person–object system about these
axes. Accordingly, perception of the length and width of a
wielded object are primarily supported by detection of Ixx
and Izz, respectively (Fitzpatrick, Carello, & Turvey, 1994;
Turvey, Burton, Amazeen, Butwill, & Carello, 1998).
However, perception of exproprioceptive properties (e.g., ori-
entation of the wielded object relative to the body) and
proexteroceptive properties (e.g., relative location of a body
part on the wielded object) is primarily supported by sensitiv-
ity to the products of inertia (e.g., Ixy, Ixz, Iyz), which quantify
resistance to rotation about axes perpendicular to the x, y, and
z axes. The products of inertia reflect the asymmetrical mass
distribution about these axes. Accordingly, perception of the
location of the hand relative to a wielded object is supported
by detection of Iyz (Pagano, Carello, & Turvey, 1996; Pagano,
Kinsella-Shaw, Cassidy, & Turvey, 1994).

Overall, studies such as the ones cited above have shown
that perception by effortful touch is grounded in the intention-
al detection of task-specific components of an invariant stim-
ulation pattern (I). The invariant nature of I is highlighted not
only by the ability to perceive a given property within and
across bouts of wielding but also by the ability to perceive a
given property by different means of wielding—including
cases in which an object is wielded by disparate anatomical
components. Studies investigating this latter ability have
shown that people can perceive exteroceptive properties of a
wielded object such as whole or partial length when an object
is wielded by the hand, the torso, the foot, and even the head
(Hajnal, Fonseca, Kinsella-Shaw, et al., 2007b;Wagman et al.,
2017). Moreover, they can differentiate between two different
(but related) exteroceptive properties (e.g., whole length vs.
partial length, probe length vs. distance of surface probed)
under such circumstances (Hajnal, Fonseca, Kinsella-Shaw,
et al., 2007a; Palatinus et al., 2011; Wagman et al., 2017;
Wagman & Mason, 2019).

Together, the specificity of perception by dynamic touch to
I and the specificity of I to properties of the person–object

system entail that perception by dynamic touch is both task-
specific and anatomically independent. Previous research has
found evidence of both such attributes in perception of extero-
ceptive properties of wielded objects. In two experiments, we
investigate whether task-specificity and anatomical indepen-
dence generalize to perception of proexteroceptive properties
of the person–object system (i.e., relative position of the body
on a wielded object). Moreover, we investigate such general-
ization under conditions in which objects are wielded by an
anatomical component that is likely to be less well practiced,
less dexterous, and less sensitive in perceiving such properties
than the hands, the feet, or the torso—the head. Doing so
provides a relatively strong test of both the task-specificity
and the anatomical independence of perception of
(proexteroceptive) properties of the person–object system by
dynamic or effortful touch (cf. Wagman et al., 2017).

Experiment 1 investigates whether participants can per-
ceive a proexteroceptive property of an object wielded by
the head (i.e., the position of the head relative to the wielded
object), and if so, whether such perception is supported by
analogous task-specific sensitivity to I (in particular, the prod-
uct inertia Iyz). Experiment 2 investigates the extent to which
participants can differentiate between this property and a re-
lated exteroceptive property (i.e., partial length of a wielded
object extending to one side of the head) under such
circumstances.

Experiment 1

Previous experiments have shown (1) that people can perceive
exteroceptive properties of an object wielded with the hand
(e.g., whole or partial length of that object), (2) that these
abilities generalize to objects wielded by other body parts
(including the foot, the torso, and the head), and (3) that per-
ception of such properties is supported by analogous sensitiv-
ities to exterospecific components of I across anatomical com-
ponents (Hajnal, Fonseca, Kinsella-Shaw, et al., 2007b;
Palatinus et al., 2011; Wagman et al., 2017).

Previous research has also shown that when wielding an
object by hand, people can perceive (exproprioceptive) rela-
tions between object and body (e.g., orientation of the object
relative to the hand) as well as (proexteroceptive) relations
between the body and object (e.g., the position of the hand
relative to the object; see Pagano et al., 1996; Pagano et al.,
1994). Experiment 1 investigates whether this ability general-
izes to objects wielded by the head and, if so, whether this
ability might be supported by analogous sensitivities to
(proexteroceptive) components of I. Specifically, we investi-
gated whether participants can perceive the position of the
head relative to the wielded object.

We have two main hypotheses. First, we expected that
(changes in) perceived proportional head position will reflect

Atten Percept Psychophys (2019) 81:1488–1499 1489



(changes in) actual proportional head position. Specifically, an
analysis of variance will show an effect of actual proportional
head position on perceived proportional head position. In ad-
dition, both at the level of the mean data and at the level of the
individual participants, perceived proportional head position
will be predicted by actual proportional head position.
Specifically, simple regression will show that actual propor-
tional head position accounts for a large and significant por-
tion of the variance in proportional head position. Second,
both at the level of the mean data and at the level of the
individual participants, perceived head position will be pre-
dicted by a specific component of I—in particular, the product
of inertia, Iyz (see Pagano et al., 1996). Specifically, stepwise
regression will select only Iyz (from among a number of com-
ponents of I) which will account for a large and significant
portion of the variance in perceived head position.

Method

Participants

Nine undergraduates from Illinois State University participat-
ed in this experiment in exchange for extra credit in psychol-
ogy courses. Participants were deemed ineligible (prior to par-
ticipation in the experiment) if their hair or headwear made it
impossible for them to wear the helmet apparatus. Participants
provided written informed consent prior to participation. The
protocol was approved by the Illinois State University
Institutional Review Board in accordance with the
Declaration of Helsinki.

Materials and apparatus

Each participant stood in a designated area (approximately
35 cm × 45 cm) in front of a table-mounted report apparatus
that consisted of an adjustable horizontal marker (a toy truck)
along a 230-cm wooden track, at a height of 90 cm, operated
by a pulley system. Each participant wore a disposable shower
cap and a plastic hard hat (ERB19762 Americana Cap Style,
Woodstock, Georgia, USA) secured with an elastic chinstrap.
A plastic cylinder (5 cm outer diameter, 1.3 cm inner diameter,
7.5 cm length, 162 g mass) was attached to the back of the
helmet so that it was parallel to the helmet brim (see Fig. 1).
Two small rectangular pieces of cardboard were attached to
each side of the helmet that occluded peripheral vision (of the
rod), but allowed participants to see the report apparatus.

Participants wielded three different wooden rods (65 cm,
80 cm, and 95 cm; radius = 0.6 cm) secured in the helmet such
that a particular proportion of that rod (0.25, 0.50, or 0.75 ×
the length of the rod, hereafter 0.25L, 0.50L, and 0.75L) ex-
tended to the right of the (thumbscrew of the cylinder on the)
helmet. A tape measure secured to the floor (not visible to the

participant) allowed the experimenter to read reports on each
trial (see Fig. 1, Table 1).

Procedure

On a given trial, an experimenter inserted a rod into the plastic
cylinder on the back of the helmet and secured it with a thumb-
screw such that a proportion of the rod (0.25L, 0.50L, or 0.75L)
extended to the right of the (thumbscrew of the cylinder on the)
helmet (i.e., to a particular proportional head position; see
Table 1, Fig. 1). The experimenter then explained the task to
the participant as follows: BYour job is to tell us what proportion
of the rod is sticking out to each side. You will do this by
adjusting the position of this truck so that the proportion of the
track to the right of the truck corresponds to the proportion of the
rod to your right and the proportion of the track to the left of the
truck corresponds to the proportion of the rod to your left. For
example, if it feels like a large portion (e.g., 90%) of the rod is to
your right and only a small portion (e.g., 10%) is to your left, you
might put the truck here (at a location such that 90% of the track
is to the right of the marker and 10% of the track is to the left of
the marker). If it feels like equal portions are on your right and
your left, you might put the truck here (at location such that half
of the track is on each side of the truck).^A second experimenter
recorded the position of the marker (i.e., perceived proportional
head position).

Wielding was unrestricted except that the participant was
instructed not to step out of the designated area and to avoid

Fig. 1 The experimental apparatus and setup
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striking any object or surface with the rod. The participant was
allowed to wield the rod as long as necessary and was allowed to
continually adjust the marker until he or she was satisfied with
the report. After the perceptual report was provided, an experi-
menter removed the rod from the plastic cylinder, the participant
returned the marker to the zero point of the apparatus, and the
same experimenter inserted and secured the next rod. The exper-
imenter who was responsible for doing so stood on a stepstool
behind the participant so as to perform this task as precisely and
quickly as possible. Typically, the process of removing one rod
and reinserting another rod took no more than 5 s.

The participant was not provided any information about
(the range or number of) possible lengths or proportions.
Each participant wielded each rod at each proportion three
times in a random order. Therefore, there was a total of 27
trials for each participant—three trials for each of the three rod
lengths in each of the three rod proportion conditions. No
practice trials were provided.

Results

Perceived head position on the rod was expressed as a propor-
tion of the report rod’s length extending to the right of the
helmet, and this proportion was used as the measure of the
subject’s perception of head position on the wielded, occluded
rod.

We conducted a 3 (proportional head position) × 3 (rod
length) analysis of variance (ANOVA) on perceived proportion
of the rod extending to the right of the helmet (i.e., on per-
ceived proportional head position). There was a significant
main effect of proportional head position, showing that

perceived proportion of the rod increased as actual proportion
increased, F(2, 16) = 46.90, p < . 05, ηp

2 = 0.85. Follow-up t
tests with Bonferroni corrections found significant differences
in perceived proportion across each of the three proportional
head positions (0.75L:M = 0.70, SD = 0.10 > 0.5L:M = 0.49,
SD = 0.06 > 0.25L:M = 0.32, SD = 0.08 , all corrected ps < .05;
see Fig. 2). There was also a main effect of Rod Length,
F(2,16) = 5.32, p < .05, ηp

2 = 0.40, although follow-up t tests
with Bonferroni corrections found no significant differences
across rod lengths. Finally, there was an interaction of
Proportional Head Position × Rod Length, F(4, 32) = 2.89, p
< .05, ηp

2 = 0.26. Follow-up t tests with Bonferroni corrections
found that the source of the interaction was that at the 0.25L
head position only, perceived proportion was longer for the 65-
cm rod (M = 0.38, SD = 0.08) than for the 95-cm rod (M =
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Fig. 2 Mean perceived head position in Experiment 1. Error bars indicate
standard error of the mean. Asterisk indicates significant difference in
follow up t tests conducted to investigate the interaction of Proportional
Head Position and Rod Length (corrected p < .05)

Table 1 Properties of the experimental objects in Experiment 1

Rod length (cm) Actual Ixx Izz Iyz Perceived
head position (× 104) (× 104) (× 104) head position
(proportion) (g × cm2) (g × cm2) (g × cm2) (proportion)

65 0.25 28.05 1.56 4.19 0.38

65 0.50 16.69 1.56 0.00 0.51

65 0.75 28.05 1.56 −4.19 0.68

80 0.25 58.17 2.17 7.20 0.33

80 0.50 34.17 2.17 0.00 0.50

80 0.75 58.17 2.17 −7.20 0.72

95 0.25 109.53 2.93 11.54 0.26

95 0.50 63.84 2.93 0.00 0.47

95 0.75 109.53 2.93 −11.54 0.70

Note. Inertial values were calculated about a rotation point in the neck by the following formulae (wherem =mass, r = radius, l = length, : dCM = distance
frommidline of collar to center of mass of rod; dC = distance frommidline of collar attached to the helmet and the helmet brim, 6 cm for all participants):

Ixx = [(m/12) × (3r2 + l2 )] + [(dCM
2 + dC

2 ) × m]

Izz = [(m/2) × (r2 )] + [(dC
2 ) × m]

Iyz = (m × dCM × dC)
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0.26, SD = 0.03), corrected p < .05 (see Fig. 2). Additional one-
sample t tests with Bonferroni corrections found no differences
between mean perceived proportion and actual proportion at
0.25L, 0.50L, or 0.75L (all corrected ps > .016).

At the level of the mean data, simple regression analysis
showed that the proportional head position accounted for
more than 95% of perceived proportional head position (r2 =
.96, slope = 0.75, p < .001; see Fig. 3). At the level of the
individual participant data, r2 values ranged between .72 and
.95 (p < .01, for all participants).

At the level of the mean data, a stepwise regression was
conducted to evaluate which inertial variables (Ixx, Izz, and Iyz)
predicted perceived proportional head position. At Step 1 of the
analysis, Iyz entered into the regression equation and accounted
for more than 90%of the variance in perceived proportional head
position (r2 = .92, p < .001). Neither Ixx (t = .93, p > .05) nor Izz (t
= 1.27, p > .05) entered into the equation at Step 2 of the analysis.
At the level of the individual participant data, Iyz accounted for
between 69% and 94% of the variance in perceived proportional
head position (p < .01, for all participants).

These results show that participants can perceive propor-
tional head position on a wielded object. In particular, they
completely supported the hypotheses that (1) (changes in)
perceived proportional head position would reflect (changes
in) actual proportional head position, and (2) perceived head
position would be predicted by Iyz.

Experiment 2

Experiment 1 found that people can perceive the position of
the head relative to a wielded object. The ability to perceive
the relative position of an effector on a wielded object gener-
alized across anatomical components and is supported by sen-
sitivity to the same component of I (a particular product of
inertia Iyz) in each case. The results suggest that perception of
proexteroceptive relations between body and a wielded object
is anatomically independent. Experiment 2 investigates the

extent to which perception of such relations is also task-spe-
cific. Specifically, Experiment 2 investigates the extent to
which people can differentiate a proexteroceptive relation of
the person–object system (relative position of the head on a
wielded object) from a (related) exteroceptive property of the
wielded object (partial length of the wielded object extending
to one side of the head; see Pagano et al., 1996).

To investigate this hypothesis, participants reported per-
ceived proportional head position and perceived partial length
on two different sets of rods. Rod Set 1 consisted of an 80-cm
rod (RL = 80 cm) and a 120-cm rod (RL = 120 cm) secured
into the helmet such that 0.50L or 0.75L extended to the right
of the participant (see Fig. 5, top). Note that this combination
of rod lengths and proportional head positions creates partial
lengths of different magnitudes, but of the same proportion.
Therefore, we expect perceived proportional head position to
be affected by proportional head position, but not rod length.
Conversely, we expect perceived partial length to be affected
by both (actual) proportional head position and rod length. In
other words, when proportional head position is held constant
and partial length changes, participants ought to perceive
changes in partial length but not proportional head position
(see Fig. 6, top).

Rod Set 2 consisted of an 80-cm rod and a 120-cm rod
secured into the helmet such that 60 cm or 40 cm of the rod
extended to the right of the participant (see Fig. 5, bottom).
Note that this creates partial lengths of the same magnitude,
but of different proportions. Therefore, we expect an opposite
pattern of results for this rod set. Specifically, we expect per-
ceived proportional head position to be affected by both (actual)
proportional head position and partial length. Conversely, we
expect perceived partial length to be affected both by partial
length, but not proportional head position. In other words, when
partial length is held constant and proportional head position
changes, participants ought to perceive changes in proportional
head position, but not partial length (see Fig. 6).

Such a pattern of results across both sets of rods would
show that participants can completely differentiate the relative
position of the head on a wielded object from the partial length
of the wielded object extending to one side of the head.

Method

Participants

Fourteen undergraduates from Illinois State University partic-
ipated in this experiment in exchange for extra credit in psy-
chology courses. As in Experiment 1, participants were
deemed ineligible (prior to participation in the experiment) if
their hair or headwear made it impossible to wear the helmet
apparatus. Participants provided written consent prior to par-
ticipation. The protocol was approved by the Illinois State
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Fig. 3 Mean perceived head position as a linear function of actual head
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University Institutional Review Board in accordance with the
Declaration of Helsinki.

Materials and apparatus

The materials and apparatus were the same as in Experiment
1, except that different rods were used. Rod Set 1 consisted of
two rods (RL = 80 cm, and RL = 120 cm; radius = 0.6 cm)
secured in the helmet such that a particular proportion of the
rod (0.50L or 0.75L) extended to the right of the (thumbscrew
of the cylinder on the) helmet. Rod Set 2 also consisted of two
rods (again, RL = 80 cm and RL = 120 cm; radius = 0.6 cm),
but secured in the helmet such that a particular portion of the
length of that rod (40 cm or 60 cm) extended to the right of the
(thumbscrew of the cylinder on the) helmet (see Fig. 5).

As in Experiment 1, the participant reported the perceived
proportion of the rod extending to the right of the helmet by
adjusting the location of the marker using a pulley system,
such that the proportion of track extending to the right of the
marker was the same as the proportion of rod extending to the
right of the helmet. The participant reported perceived length
of the portion of the rod extending to the right of the helmet by
adjusting the location of the marker so that the distance be-
tween the marker and the zero point of the apparatus was the
same length as this portion of the rod.

Procedure

On a given trial, an experimenter inserted a rod into the
plastic cylinder on the back of the helmet and secured it with
a thumbscrew such that either a particular proportion of that
rod or a particular portion of the length of that rod extended
to the right of the helmet (depending on rod set; see above).
The participant wielded the rod with his or her neck and head
and reported either the perceived proportion of the rod ex-
tending to the right of the helmet (i.e., perceived proportional
head position) or the perceived partial length of the rod ex-
tending to the right of the helmet, as described above (de-
pending on intention condition). The experimenter explained
how to report perceived proportion using the same instruc-
tions as in Experiment 1. The experimenter explained how to
report partial length as follows: BYour job is to tell us how
long the portion of the rod sticking out to your right is. You
will do this by adjusting the position of this truck so that the
part of the rod that extends from the helmet to your right (and
only this part of the rod) would exactly fit between truck and
the (yellow) starting line. For example, if it feels like the
portion of the rod sticking out to the right is very short
(e.g., 10 cm), you might place the truck here (so that the
distance was approximately 10 cm). If it feels like the portion
of the rod sticking out to the right is very long (e.g., 75 cm),
you might place the truck here (so that the distance was
approximately 75 cm).^

The same restrictions were placed on wielding as in
Experiment 1. After the perceptual report was provided,
an experimenter removed the rod from the plastic cylinder,
and the participant returned the marker to the zero point of
the apparatus.

Each participant completed both intention conditions (po-
sition and partial length) on both sets of rods. Intention con-
ditions and rod sets were blocked and counterbalanced across
participants. Each participant wielded all rods in a given set
three times in a random order within each combination of
intention condition and rod set.

As in Experiment 1, the participant was not provided any
information about (range or number of) possible lengths or
proportions. There was a total of 48 trials for each participant
(four rods in a given set wielded three times in each of the two
rod sets in each of the two intention conditions). No practice
trials were provided.

Results

As in Experiment 1, perceived head position on the rod was
expressed as a proportion of the report rod’s length extending
the right of the helmet, and this proportion was used as the
measure of the subject’s perception of head position on the
wielded, occluded rod. Perceived partial length was expressed
as a report (in cm) of the rod’s length extending to the right of
the helmet.

Analysis of Rod Set 1
We conducted a 2 (Proportional head position) × 2 (Rod

length) ANOVA on perceived proportion of the rod (i.e., on
perceived proportional head position). As expected, there was
a main effect of Proportional Head Position, F(1, 13) = 13.87,
p < . 001, ηp

2 = 0.52. Perceived proportion was larger when
proportional head position was 0.75L (M = 0.63, SD = 0.14)
than when it was 0.50L (M = 0.47, SD = 0.11). Themain effect
of Rod Length was not significant (F < 1). There was also an
interaction of Proportional Head Position × Rod Length, F(1,
13) = 10.97, p < . 001, ηp

2 = 0.46 (see Fig. 7). Follow-up t tests
with Bonferroni corrections showed that at 0.50L only, per-
ceived proportion was larger for the 80-cm rod (M = 0.52, SD
= 0.13) than for the 120-cm rod (M = 0.43, SD = 0.11), t(13) =
3.35, corrected p < .05 (see Fig. 7, left; compare with Fig. 6,
top left).

We conducted a parallel ANOVA on perceived length of
the rod extending to the right (i.e., perceived partial length).
There was a main effect of Rod Length, F(1, 13) = 13.34, p < .
001, ηp

2 = 0.51. Perceived partial length was longer when rod
length was 120 cm (M = 58.3 cm, SD = 24.7 cm) than when it
was 80 cm (M = 49.0 cm, SD = 21.3 cm). There was a main
effect of Proportional Head Position, F(1, 13) = 6.29, p < . 05,
ηp

2 = 0.33. Perceived partial length was larger when propor-
tional head position was 0.75L (M = 60.2 cm, SD = 29.0 cm)
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than when it was 0.5L (M = 47.1 cm, SD = 19.22 cm). There
was also an interaction of Proportional Head Position × Rod
Length F(1, 13) = 6.11, p < . 05, ηp

2 = 0.33 (see Fig. 7).
Follow-up t tests with Bonferroni corrections showed that at
0.75L only, perceived length was longer for the 120-cm rod
(M = 67.7 cm , SD = 31.4 cm) than for the 80-cm rod (M =
52.6 cm, SD = 27.4 cm), t(13) = 5.54, corrected p < .05 (see
Fig. 7, right; compare with Fig. 6, top right).

Analysis of Rod Set 2

We conducted a 2 (Partial Length) × 2 (Rod Length) ANOVAon
perceived proportion of the rod extending to the right of the
helmet (i.e., on perceived proportional head position). There
was a main effect of Rod Length, F(1, 13) = 14.66, p < . 01,
ηp

2 = 0.53. Perceived proportion was larger when rod length was
80 cm (M= 0.51, SD= 0.13) thanwhen it was 120 cm (M= 0.36,
SD = 0.09). There was also a main effect of Partial Length, F(1,
13) = 14.61, p < . 01, ηp

2 = 0.53. Perceived partial length was
longer when partial lengthwas 60 cm (M = 0.49, SD = 0.11) than
when it was 40 cm (M = 0.38, SD = 0.09). The interaction of
Partial Length × Rod Length was not significant (see Fig. 8, left;
compare with Fig. 6, bottom left).

We conducted a parallel ANOVA on perceived length of the
rod extending to the right (i.e., perceived partial length). There
was a main effect of Rod Length, F(1, 13) = 6.51, p < . 05, ηp

2 =
0.33. Perceived partial length was longer when rod length was
80 cm (M= 46.5 cm, SD = 23.5 cm) thanwhen it was 120 cm (M
= 37.8 cm, SD = 18.0 cm). As expected, there was also a main
effect of Partial Length, F(1, 13) = 5.57, p < . 05, ηp

2 = 0.30.
Perceived partial length was longer when partial length was
60 cm (M = 46.2 cm, SD = 20.4 cm) than when it was 40 cm
(M= 38.1 cm, SD = 21.6 cm). The interaction of Partial Length ×
Rod Length was marginally significant, F(1, 13) = 4.08, p = .06,
ηp

2 = 0.24. Given the unexpected main effect of Rod Length, we
conducted follow-up analyses on the marginal interaction. T tests
with Bonferroni corrections showed that the difference in per-
ceived partial length occurred only for a partial length of 60 cm
t(13) = 2.95, corrected p < .05, but not for a partial length of
40 cm (see Fig. 8, right; compare with Fig. 6, bottom right).

For Rod Set 1, the combination of rod length and proportional
head position created partial lengths of different magnitudes but
of the same proportion. Reports of perceived proportional head
position and partial length each partly reflected this pattern.
When proportional head position was held constant and partial
length varied, participants perceived changes in partial length but
not proportional head position in two of the four cases (compare
Fig. 7 with Fig. 6, top). In particular, in both cases, participants
deviated from the expected pattern when equal portions of the
rod extended to each side of the head (at 0.50L).

For Rod Set 2, the combination of rod length and partial
length created partial lengths of different proportions but of
the same magnitude. Reports of perceived proportional head

position and partial length completely reflected this pattern;
reports of partial length partly reflected this pattern (compare
Fig. 8 with Fig. 6, bottom). When partial length was held
constant and proportional head position varied, participants
perceived changes in proportional head position but not partial
length in three of the four cases. Participants deviated from the
expected pattern only for reports of partial length, when a
longer segment of the rod extend to the right (at 60 cm).

Regression analyses for combined rod sets

We combined the data for the two rod sets and conducted a
subset of the regression analyses conducted in Experiment 1.
At the level of the mean data, simple regression analysis
showed that (actual) proportional head position accounted
for nearly 90% of the variance in perceived proportional head
position (r2 = .89, slope = 0.61, p < .001). As in Experiment 1,
a stepwise regression was conducted to evaluate which inertial
variables (Ixx, Izz, and Iyz) predicted perceived proportional
head position. At Step 1 of the analysis, Iyz entered into the
regression equation and accounted for nearly 90% of the var-
iance in perceived proportional head position (r2 = .89, p <
.001). Neither Ixx (t = 1.63, p > .05) nor Izz (t = 2.45, p > .05)
entered into the equation at Step 2 of the analysis.

At the level of the mean data, simple regression analysis
showed that (actual) partial length accounted for nearly 80%
of the variance in perceived partial length (r2 = .78, slope =
0.52, p < .01). A stepwise regression was conducted to eval-
uate which inertial variables (Ixx, Izz, and Iyz) predicted per-
ceived partial length. At Step 1 of the analysis, Iyz entered into
the regression equation and accounted for more than 90% of
the variance in perceived partial length (r2 = .91, p < .001).
Neither Ixx (t = 1.73, p > .05) nor Izz (t = 1.36, p > .05) entered
the equation at Step 2 of the analysis.

Overall, the pattern of results across both rod sets suggests
that when wielding an object with the head, participants have
at least some ability to differentiate a proexteroceptive relation
of the person–object system (relative position of the head on a
wielded object) from a (related) exteroceptive property of the
wielded object (partial length of the wielded object extending
to one side of the head). Moreover, the ability to perceive each
property was supported (in part) by sensitivity to a component
of I (in this case, a particular product of inertia, Iyz; but see
Pagano et al., 1996).

General discussion

Previous research has found evidence of both task-specificity
and anatomical independence in perception of properties of
wielded objects. In particular, people can direct attention to
different exteroceptive properties of wielded object (e.g., ob-
ject length), and perception of such properties remains
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invariant across transformations including the anatomical
component used to wield the object (see Hajnal, Fonseca,
Harrison, et al., 2007a; Wagman et al., 2017). Such flexibility
is grounded in sensitivity to task-specific (in this case,
exterospecific) components of an invariant mechanical stimu-
lation pattern—the rotational inertia (I) of the person–object
system. We investigated whether such task-specificity and an-
atomical independence generalize to perception of
proexteroceptive properties of the person–object system (i.e.,
relative position of the body on a wielded object) when an
object was wielded by the head.

Experiment 1 was directed at investigating the extent to
which perception of proexteroceptive properties of the
person–object system is anatomically independent. Pagano
et al. (1996; Pagano et al., 1994) found that people can per-
ceive relative position of the hand on a wielded object and that
perception of this property was supported by detection of
proexterospecific components of I (in particular, the product
inertia Iyz). We investigated the extent to which people could
perceive the relative position of the head on a wielded object
and whether perception of this property was supported by
detection of the same component of I. Participants reported
perceived proportional head position on an object wielded by
the head. Overall, we found that (changes in) perceived pro-
portional head position reflected (changes in) actual propor-
tional head position. Not only were there differences in mean
perceived proportional head position at each of the three actual
proportional head positions (0.25L, 0.50L, and 0.75L), but
mean perceived proportional head position on the objects
(0.32, 0.49, and 0.70, respectively) closely approximated ac-
tual head position (see Fig. 2). Moreover, at two of the three
actual proportional head positions, changes in rod length did
not (additionally) influence perceived proportional head posi-
tion. The exception was at 0.25L. At this proportional head
position only, perceived proportional head position decreased
(and more closely approximated 0.25) as rod length increased.
This pattern is comparable with one observed by Pagano et al.
(1994; see their Table 1) for perception of perceived propor-
tional hand position on a wielded object. Therefore, it may
reflect a general psychophysical constraint on perception of
this property more so than an anatomical constraint on percep-
tion of this property.

Consistent with this pattern of results, we also found that
actual proportional head position accounted for almost all of
the variance inmean perceived proportional head position (see
Fig. 3). Moreover, Iyz (and not Ixx, Izz) also accounted for
almost all of the variance in mean perceived proportional head
position (see Fig. 4), suggesting that perception of this prop-
erty is supported by detection of proexterospecific compo-
nents of I (see Pagano et al., 1996; Pagano et al., 1994). Our
conclusions on this point are somewhat tempered by the fact
that we did not break the collinearity between actual propor-
tional head position and Iyz (see Table 1). Pagano et al. (1996)

found that perception of proportional hand position on a
wielded object continued to be predicted by Iyz even when
such collinearity was broken. A stronger test of this hypothesis
with respect to perception of proportional head position is an
important topic for future research. Nonetheless, together with
previous research, such findings suggest perception by effort-
ful touch is grounded in the intentional and anatomically in-
dependent detection of task-specific components of an invari-
ant stimulation pattern (I) (Hajnal, Fonseca, Kinsella-Shaw,
et al., 2007b; Pagano et al., 1996; Pagano et al., 1996;
Palatinus et al., 2011).

Experiment 2 was primarily directed at investigating the
extent to which perception of proexteroceptive properties of
the person–object system is task-specific. That is, we investi-
gated the degree to which the proexteroceptive property of
relative position of the head on a wielded object could be
differentiated from the related (but potentially independent)
exteroceptive property of the partial length of a wielded object
extending to one side of the head.

Participants reported perceived proportional head position
and perceived partial length on two sets of objects. On one set
of objects (Rod Set 1), the combination of rod lengths and
proportional head positions was such that proportional head
position was held constant, but partial length was not. Under
such circumstances, we expected that participants would per-
ceive changes in partial length, but not proportional head po-
sition. This pattern of results occurred in two of the four cases.
In both cases, participants deviated from the expected pattern
when equal portions of the rod extended to each side of the
head (at 0.50L). At this head position, there was an unexpect-
ed difference in perceived head position and an unexpected
nondifference in perceived partial length.

It is noteworthy, however, that despite the strict departure
from the hypothesized results, there is still support for the
overall hypothesis that participants could differentiate the
two properties. In particular, while there was a main effect of
proportional head position on perceived head position, the
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effect of rod length on perceived proportional head position
was limited to an interaction. Therefore, on its own, propor-
tional head position influenced perceived proportional head
position (cf. Experiment 1), but rod length, on its own, did
not. In addition, there are different patterns of results for per-
ception of proportional head position and perception of partial
length (compare Fig. 7, left and right). Although these differ-
ences are not quite those that we expected, they still show that
perception of proportional head position differs from that of
partial length.

On the other set of objects (Rod Set 2), the combination
of rod lengths and partial lengths was such that partial
length was held constant and proportional head position
changed. Under such circumstances, we expected that par-
ticipants would perceive changes in proportional head po-
sition, but not partial length (see Figs. 5 and 6). Reports of
perceived proportional head position completely reflected
this pattern. Reports of partial length only partly reflected
this pattern. Participants deviated from the expected pattern
only for reports of partial length when a longer segment of
the rod extend to the right (at 60 cm). At this partial length
only, there was an unexpected difference in perceived par-
tial length.

Again, it is noteworthy, that despite the strict departure
from the hypothesized results, there is still support for the
overall hypothesis that participants could differentiate the
two properties. In particular, while there were main effects
of both partial length and rod length on perceived partial
length, follow-up tests showed that the main effect of rod
length was driven by an interaction. Therefore, on its own,
partial length influenced perceived partial length but, on its
own, rod length did not.

Overall, although we did not support all hypotheses in all
respects, the pattern of results across both rod sets suggests
that when wielding an object with the head, participants have
at least some ability to differentiate a proexteroceptive relation
of the person–object system (relative position of the head on a
wielded object) from a (related) exteroceptive property of the

wielded object (partial length of the wielded object extending
to one side of the head).

Lawfully grounded flexibility and smart perceptual
instruments

Previous research has demonstrated lawfully grounded flexi-
bility in perception of exteroceptive properties of an object
wielded by hand, by foot, and by torso. Such research has
shown that perception of such properties is both task-
specific and anatomically independent. The two experiments
reported here build on and expand this body of work by in-
vestigating whether the same flexibility also occurs in percep-
tion of proexteroceptive properties of the person–object sys-
tem (relative position of the head on a wielded object). Given
that perceiving properties of an object attached to the head
would seem to require the spontaneous assembly of a
completely novel haptic perceptual instrument, the two exper-
iments reported here served as a relatively strong test of the
anatomical independence and task-specificity of perception by
effortful or dynamic touch (cf. Wagman et al., 2017)

In short, the key experimental findings are that (1) the abil-
ity to perceive proexteroceptive properties of a person–object
system generalizes across anatomical components, that (2)
perception of such properties seems to be supported by anal-
ogous sensitivities to a proexterospecific component of I
across anatomical components (cf. Pagano et al., 1996), and
(3) at least to some extent, the ability to differentiate
proexteroceptive and exteroceptive properties of a person–
object system also generalizes across anatomical components.

The results are consistent with the description of perception
by effortful or dynamic touch as the coordination of anatom-
ical components into a smart perceptual instrument—a mea-
surement device that achieves a given perceptual goal by cap-
italizing on task specific, invariant stimulation patterns
(Runeson, 1977; see Carello et al., 1992). Moreover, together
with the results of previous studies, the results of the current
study suggest that (1) smart perceptual instruments can be

0.75L; 90 cm 0. 50L; 60 cm

0.75L; 60 cm 0.50L; 40 cm
Rod Length (RL) = 80cm

Rod Length (RL) = 120cm

Rod Set 1

0.25L; 40 cm0. 50L; 60 cm

0.75L; 60 cm 0.50L; 40 cm
Rod Length (RL) = 80cm

Rod Length (RL) = 120cm

Rod Set 2

Fig. 5 Rod lengths, proportional head positions, and partial lengths on Rod Sets 1 and 2
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assembled across anatomical components and inert objects,
(2) a given smart perceptual instrument can be assembled
using different anatomical components, and (3) different smart
perceptual instruments can be assembled using the same ana-
tomical components (Wagman & Hajnal, 2014a, 2014b;
Wagman & Hajnal 2016; Wagman et al., 2017).

The information for effortful or dynamic touch
and biotensegrity structures

To be informative to a perceiver, a particular stimulation pat-
tern must be invariant across various transformations. In the
context of perception by effortful or dynamic touch, exploring
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a wielded object lawfully generates patterns of deformation in
muscular tissue that are (potentially) informative about extero-
cep t i ve , p rop r i ocep t i ve , exp rop r i ocep t i ve and
proexteroceptive properties. The invariant nature of I entails
that sensitivity to (components of) I support perception of
properties of the person–object system over transformations,
including wielding movements and trajectories, points of ro-
tation, grasp types and locations, and anatomical components.

Moreover, the nature of the tissues that register such pat-
terns may support the detection of such invariant patterns. The
musculoskeletal system may best be described as a
biotensegrity system—an intricately balanced mechanical
structure supported by continuous tension elements and inter-
mittent compression elements across all levels of scale
(Turvey & Fonseca, 2014). One of the key features of such a
system is that local deformations are immediately
redistributed across the entire system, creating a deformation
field that is informative about the properties of the source of
(but not necessarily the site of) the deformation. Therefore, all
components of a biotensegrity system (e.g., the hand and the
head) have potentially equivalent roles in registering and
rebalancing applied forces, and all components of such as
system can show analogous abilities to perceive exteroceptive,
proprioceptive, exproprioceptive, and proexteroceptive prop-
erties of the person–object system. Both the task-specificity
and anatomical independence exhibited in perception by ef-
fortful or dynamic touch may be generic characteristics of
perceptual systems assembled out of tensegrity structures em-
bedded in lawfully structured energy fields (Cabe, 2018;
Turvey, 2019; Wagman & Hajnal, 2014b).
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