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Abstract

When humans handle a tool, such as a tennis racket or hammer, for the first time, they often wield it to determine its inertial
properties. The mechanisms that contribute to perception of inertial properties are not fully understood. The present study’s
goal was to investigate how proprioceptive afferents contribute to effortful perception of heaviness and length of a manually
wielded object in the absence of vision. Blindfolded participants manually wielded specially designed objects with different
mass, the static moment, and the moment of inertia at different wrist angles and angular kinematics. These manipulations
elicited different tonic and rhythmic activity levels in the muscle spindles of the wrist, allowing us to relate differences
in muscle activity to perceptual judgments of heaviness and length. Perception of heaviness and length depended on an
object’s static moment and the moment of inertia, respectively. Manipulations of wrist angle and angular kinematics affected
perceived heaviness and length in distinct ways. Ulnar deviation resulted in an object being perceived heavier but shorter.
Compared to static holding, wielding the object resulted in it being perceived heavier but wielding did not affect perceived
length. These results suggest that proprioceptive afferents differentially contribute to effortful perception of object heavi-
ness and length. Critically, the role of afferent is specific to the mechanical variable used to derive a given object property.
These findings open a new possibility of studies on the link between physiology, and different mechanical variables picked
up by the perceptual system.
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Introduction

Everyday use of handheld objects relies on perception of
object properties, such as heaviness, length, and shape, often
through proprioceptive feedback (Wagman and Carello
2003; Michaels et al. 2007; Mangalam et al. 2018a). After
all, effectively using a tool requires tailoring movements to
support and manipulate it (e.g., swinging a hammer or tennis
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racket). Movement generates kinesthetic and proprioceptive
afferent feedback critical for perception of object proper-
ties. The neurophysiological basis of this afferent feedback
remains unknown. This study aimed to investigate how kin-
esthetic feedback (of limb position and movement) from
muscle spindles (group Ia and II fibers) and force feedback
from Golgi tendon organs (group Ib fibers) contribute to
perception of two distinct properties of handheld objects:
heaviness and length.

Until recently, the conventional understanding was that
heaviness perception depends less on proprioceptive affer-
ence than on central efference. Specifically, the ‘central
effort’ hypothesis predicts that the motor cortex sends an
efference copy to the somatosensory cortex indicating ongo-
ing motor commands (Gandevia and McCloskey 1977a,
b). As predicted by this hypothesis, perceived heaviness
in heaviness-matching tasks can increase after muscle
fatigue despite no accompanying changes in afferent activ-
ity (Gandevia and McCloskey 1977a, b; Aniss et al. 1988;
Proske and Allen 2019), and blocking afferent feedback by
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anesthesia does not affect perception of heaviness in these
tasks (Gandevia and McCloskey 1977a, c; Proske and Gan-
devia 2012; Proske and Allen 2019). However, recent find-
ings indicate that heaviness perception depends on feedback
from not just tendon organs but also spindles (Brooks et al.
2013; Proske and Allen 2019), prompting a newer model
for heaviness perception based on fusimotor reafference
(Luu et al. 2011). Critically, spindles and tendon organs
both contribute to heaviness perception, and anesthesia can
reduce spindle contributions without interrupting tendon-
organ function (Luu et al. 2011). This fusimotor reafference
model has gained strength with the evidence that perceived
heaviness scales as a function of the ratio of muscle activity
(measured by peak EMG) to lifting acceleration (Waddell
et al. 2016; Waddell and Amazeen 2017, 2018).

Length perception is rooted in afferent feedback distinctly
from that for heaviness perception. Although we can expect
reasonable accuracy in perceived heaviness even when all
peripheral feedback is blocked by anesthesia (Luu et al.
2011), information about spatial dimensions (e.g., length
and shape) appears to be rooted in the object’s mass distribu-
tion (Carello and Turvey 2000; Turvey and Carello 2011). In
everyday terms, supporting a tennis racket in hand without
moving tells us how heavy it is, but we need to swing it to
judge whether it is head-light or head-heavy—these distinct
modes of movement tap into distinct aspects of the mass dis-
tribution. Static holding allows heaviness perception to tap
into the static moment, and wielding allows length percep-
tion to tap into inertial moments. Additionally, length per-
ception might critically depend on feedback from spindles
rather than from tendon organs. For example, people can use
hand-wielding to perceive an occluded object’s length even
when it is immersed in water (Pagano and Donahue 1999;
Pagano and Cabe 2003; Mangalam et al. 2017, 2018b). The
force of buoyancy reduces the force required to wield that
object, the central effort, and the peripheral feedback from
tendon organs.

Hence, perceptual judgments reflect differential reliance
of specific kinds of effortful perception on different mecha-
noreceptors classes: heaviness versus length perception rely-
ing on tendon organs versus spindles, respectively. However,
no study has yet tested how the afferent feedback from spin-
dles and tendon organs might interact to produce perception
of heaviness and length. The absence of such work likely
reflects the rather significant technical problem limiting
the scope of the neurophysiological investigation. Namely,
direct measurement of spindle and tendon organs requires
invasive techniques like microneurography. However, the
bodily movement provides a promising entry towards filling
this gap. For instance, vibrations of different frequencies can
selectively modulate the feedback from spindles and tendon
organs (Fallon and Macefield 2007; Luu et al. 2011; Brooks
et al. 2013). Alternatively, manipulating joint-angle and
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kinematics of the movement system modulate the feedback
from both spindles and tendon organs, respectively (Proske
and Gandevia 2012). The present work pursues deeper
understanding of the specific mechanoreceptor support of
heaviness and length perception in this latter vein.

This wrist-angle portrayal of the exploratory postures can
complement kinematics, specifically with the frequency of
oscillatory wielding. Indeed, attempts to isolate physiologi-
cal tissue have previously used vibrations and shown that
different frequencies can selectively modulate the feedback
from spindles and tendon organs (Fallon and Macefield
2007; Luu et al. 2011; Brooks et al. 2013). Instructing par-
ticipants to use periodic oscillations for wielding can impose
a similar frequency manipulation at the whole-limb scale.
Wielding at higher frequency should increase the Ia spindle
afferent activity. Hence, manipulating kinematics enlists a
different physiological set of tissues than engaged by the
wrist-angle manipulation. An open question is how this
increased afference through Ia fibers might interact with Ib
and II fibers. On a simple logic of “more afference entail-
ing greater perceived magnitude,” it would be possible that
frequency could increase the magnitude of perceptual judg-
ments no matter the intention.

Then again, this too-simplistic view would omit the
growing recognition that muscle-fiber activity is not sim-
ply additive, but that muscle fibers interact, both with each
other (Savelberg et al. 2001; Blemker et al. 2005) and with
their surrounding tendons and extracellular matrix (Taylor
et al. 2003; Henry et al. 2005; Siebert et al. 2016; Yuan
et al. 2021). Relatively bodywide connective tissues nest
relatively local action potentials in the service of motor syn-
ergies, and these synergies bear a hierarchical organization
that is sensitive to perceptual intent (Turvey and Fonseca
2014; Profeta and Turvey 2018). Hence, it is fully possible
that how wrist angular kinematics interacts with wrist angle
depends on intention.

Acknowledging a potential role for perceptual intent
points to a longer range goal for the present work. We hope
this work might bridge a gap between physiological and eco-
logical approaches to perception. Despite its reluctance to
engage with the physiology of the nervous system (Gibson
1979), the ecological approach is ready to appreciate move-
ment manipulations as a means to engage different physi-
ological tissues. Furthermore, while respecting that coordi-
nated movements are a product of multifarious tissues, the
ecological approach is ready to appreciate that movement
can itself reshape the perceptual contribution of fluid and
flexible nervous tissue (Fultot et al. 2019). We cannot expect
that one movement or another can turn perceptions on or off
(e.g., Palatinus et al. 2014). Similarly, we cannot expect spe-
cifically specific fibers to house specific perceptual features
or capacities. ‘Heaviness’ and ‘length’ are contrived con-
structs of a psychophysicist’s experimental setup spanning
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multiple organisms and showing contingencies on the whole
stimulus set (Kelty-Stephen and Eddy 2015), not properties
native to a nervous system or its cells. Different perceptual
intents could reshape the function of mechanoreceptors
engaged by similar movements (e.g., Sakamoto and Kondo
2017; Marie and Talebkhah 2018; Maddaluno et al. 2020;
Lu et al. 2020). If so, the physiological approach’s expecta-
tion of simple, dedicated functions for specific anatomical
tissues gives way to a more ecological expectation. Namely,
movement systems might use mechanoreceptors in context-
sensitive ways to resolve problems posed at task-relevant
scales encompassing whole organisms.

The present study aimed to parse out the contributions
of feedback from spindles and tendon organs in percep-
tion of heaviness and length of manually wielded objects
in the absence of vision. We asked blindfolded participants
to manually wield about the wrist at different wrist angles
and kinematics and report object heaviness and length judg-
ments. We manipulated the objects to isolate independent
mechanical properties (e.g., mass, static moment, and the
moment of inertia) to link the observed effects of wrist angle
and angular kinematics to the static moment and the moment
of inertia specifying object heaviness and length, respec-
tively. We expected that the magnitude and direction of the
effects of wrist angle and angular kinematics would indi-
cate how spindles and tendon organs contribute to effortful
perception of heaviness and length. However, we expected
that these different mechanoreceptors would not betray a
simplistic mapping from anatomical specificity to functional
specificity.

Our first hypothesis was that we would replicate known
relationships of perceived heaviness and perceived length
to static moment and the moment of inertia, respectively
(Hypothesis-1).

Our second hypothesis addressed wrist angle. The ulnar
and radial deviations should increase tension in the muscles
and the antagonists’ length. Specifically, the ulnar deviation
should increase the reafference from group II spindle fibers
and Ib tendon-organ fibers, innervating the ulnar antagonist
muscles. In contrast, the radial deviation should reduce the
reafference from analogous fibers innervating from the radial
agonist muscles (Kandel et al. 2000). Hence, we expected
that ulnar deviation would increase perceived heaviness
(Hypothesis-2a), and the radial deviation would reduce per-
ceived heaviness (Hypothesis-2b). Because length percep-
tion might depend primarily on spindles rather than tendon
organs, we hypothesized that wrist angle effects modulating
heaviness judgments would come at the expense of length
judgments, that is, the ulnar deviation would reduce per-
ceived length (Hypothesis-2c), and the radial deviation
would increase perceived length (Hypothesis 2d).

Our third hypothesis addressed wielding kinematics.
We expected that frequency-related increases in afference

through another different physiological route might lead to
greater judgments of both types with greater wielding fre-
quency (Hypothesis-3a and -3b for heaviness and length,
respectively). We reserved more open-ended predictions
about potential interaction effects. As noted in the preced-
ing section, engaging multiple nerve fibers could prompt
a complex interplay of physiological processes, reaching
intentions pretuning physiology before exploration. Greater
afference to Ia spindle fibers with greater frequency can
amplify or blunt the perceptual effect of wrist-angle effects
on Ib and II fiber afference. For instance, raising the over-
all level of afference to multiple fiber types could diminish
the relative importance of each fiber type’s contribution to
perceptual judgment, weakening the effects of wrist angle.
Then again, engaging Ia fibers with higher frequency could
accentuate the perceptual effect of wrist angle. Furthermore,
the interaction could depend as well on intention. To our
knowledge, no literature clarifies the proper direction of pre-
dicted effects. Hence, we predicted that the effects of wrist
angle and angular kinematic would interact differently for
heaviness and length perception (Hypothesis-3c).

Methods
Participants

Seven adult men and five adult women (M + 1SD
age=25+0.8 years, right-handed) voluntarily participated
in the present experiment after providing written consent
approved by the Institutional Review Board (IRB) at the
University of Georgia (Athens, GA).

The mechanics of wielding

Consider a simplified two-dimensional task of wielding a
rod of mass m with its center of mass at a distance d to the
wrist joint, such that:

T = longitudinat @—M - c0s(0) = md”a—mdg - cos(6), (D

where 7 is the muscular torque, /,,idina reflects the resist-
ance of the object to rotational movement about the wrist
along the longitudinal axis, & is the angular acceleration
of the wielded object, g is the gravitational acceleration,
0 is the angle of the object relative to the horizontal plane,
and d is the distance of the point mass m to the wrist. The
right-hand side of Eq. (1) includes the moment of inertia,
iongitudinal = md® and the static moment M (= mdg).
Although both the static moment and moment of inertia
describe mass distribution—both depend on mass () and
position of that mass (d)—the two mechanical variables have
distinct implications for perception. The moment of inertia

@ Springer



1088

Experimental Brain Research (2021) 239:1085-1098

can influence perception only through angular acceleration,
whereas the static moment can influence perception at rest as
well. Additionally, the static moment shows a linear depend-
ence on d, whereas the moment of inertia shows a quadratic
dependence on d. Thus, the contribution of one of the two
parameters can be controlled by holding the other param-
eter constant. /jq,,iqgina €an be held constant while varying
M by increasing m fourfold and halving d. M can be held
constant while varying /,,eituqina bY doubling m and halving
d. We designed six experimental objects that systematically
differed in the mass, static moment, and moment of inertia.

Experimental objects

Each participant wielded six experimental objects, each
object consisting of a dowel (oak, hollow aluminum, or solid
aluminum; diameter = 1.2 cm, length="75.0 cm) weighted by
4 or 12 stacked steel rings (inner diameter = 1.4 cm, outer
diameter =3.4 cm, thickness =0.2 cm, mass = 14 g) attached
to the dowel at 20.0 or 60.0 cm, respectively (Table 1;
Fig. 1a, b). The dowels were weighted such that the result-
ing six objects systematically differed in the mass, m (Object
1 <Object 2, Object 3 < Object 4, Object 5 < Object 6), static
moment, M (Object 1 =0bject 2=Mg < Object 3=0Object
4=M,, < Object 5=0bject 6=M; ), and moment of inertia,
Liongiwdinal (Object 1> Object 2, Object 3 > Object 4, Object
5> Object 6). A cotton tape of negligible mass was enfolded
on each dowel to prevent the cutaneous perception of its
composition (i.e., oak versus aluminum).

Experimental task, procedure, and instructions
to the participants

Feedback from the spindles and tendon organs was differen-
tially manipulated by asking participants to wield objects at

Table 1 Experimental objects

different wrist angles and kinematics. Each participant was
asked to wield each object at three different wrist angles: (1)
10° radial deviation (Fig. 1c, top panels), (2) neutral posi-
tion (Fig. 1c, middle panels), and (3) 10° ulnar deviation
(Fig. lc, bottom panels). We expected that the ulnar and
radial deviations of the wrist would increase the [baseline]
spindle and tendon organ activity in the antagonist mus-
cles: the radial and ulnar muscles of the hand, respectively.
Additionally, at each wrist angle, each participant was asked
to wield each object about the wrist at different angular fre-
quencies. In a static condition, each participant was asked
to lift and hold each object (Fig. 1c, left panels). In the two
dynamic conditions, each participant was asked to lift and
wield each object synchronously with metronome beats
at 2 Hz or 3 Hz (Fig. lc, center and right panels). At any
given wrist angle, wielding an object at different frequencies
would modulate the reafference from the spindles in addition
to modulating the tendon organ activity—faster movement
will result in increased spindle reafference. Each participant
was instructed to wield the object at small amplitude so as
to maintain the wrist angle at the ulnar, neutral, and radial
positions through the entire trial.

Each participant stood on a designated location and
assumed a given wrist angle comfortably. A custom setup
consisting of two tripods was used to support and align each
experimental object relative to the participant’s wrist at the
ulnar, neutral, and radial positions (this setup is not shown
in Fig. 1). Changing the heights of these two tripods—
one lower and the other higher relative to the participant’s
hand—allowed us to present an object, so the participant
readily held that object at the ulnar, neutral, and radial posi-
tions of the wrist upon grasping it. At the beginning and after
every six trials, the participant wielded a reference object
(an unweighted hollow aluminum dowel, diameter=1.2 cm,
length=75.0 cm, mass=109 g) in an unconstrained manner

Object Dowel Attached rings Mechanical variables
Composition Length Mass Mass Location Mass, Static moment, Moment of inertia,
(cm) (® (® (cm) m (g) M? (g-cm®/s”) Bongitudinal” (€-CM°)
Object-1 Oak wood 75 68 168 20 236 5,791,800 (Mg) 153,500
Object-2 Oak wood 75 68 56 60 124 5,791,800 (Mg) 278,850
Object-3 Hollow aluminum 75 109 168 20 277 7,298,550 (M) 194,720
Object-4 Hollow aluminum 75 109 56 60 165 7,298,550 (M) 321,770
Object-5 Solid aluminum 75 266 168 20 434 13,068,300 (M, ) 459,850
Object-6 Solid aluminum 75 266 56 60 332 13,068,300 (M;) 586,720

*We determined the static moment for each object assuming that it was aligned horizontally (i.e., parallel to the ground) and grasped about its

proximal end

"We calculated the values of a 33 inertia tensor matrix for each object, each value corresponding to rotations about the wrist, assuming 5-cm
distance between the location of grasp and the object’s proximal end. Diagonalizing the 3 X 3 inertia tensor matrix using MATLAB function ‘eig

(A)’ yielded the eigenvalues of the tensor
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Fig.1 Schematic illustration of the experimental objects, setup,
and exploratory conditions. a Each participant wielded six dif-
ferent weighted dowels that systematically differed in mass, m
(Object-1>Object-2,  Object-3>Object-4,  Object-5> Object-6),
static moment, M (Mg <My, <M, ), and moment of inertia, Jj,yqiginal
(Object-1 < Object-2, Object-3 < Object-4, Object-5 <Object-6). b
Each participant wielded each object for 5 s and reported their judg-
ments of heaviness relative to a reference object of arbitrarily desig-

and assigned it a heaviness value of 100. He/she assigned
heaviness values proportionally higher than 100 to an object
perceived heavier than the reference object (e.g., 200 to an
object perceived twice as heavy), and heaviness values
proportionally less than 100 to that perceived lighter than
the reference object (e.g., 50 to an object perceived half as
heavy). In each trial, following a ‘lift’ signal, the participant
lifted the object and held it static or wielded it synchro-
nously with metronome beats at 2 Hz or 3 Hz. After 5 s and
following a ‘stop’ signal, the participant kept the object back
on the custom tripod setup and reported perceived heavi-
ness relative to the reference object and perceived length
by changing the position of a marker by pulling a string on
a string-pulley assembly. Note that only the heaviness (and
not the length) of the experimental object was judged rela-
tive the reference object. We instructed the participant to
minimized the movement amplitude in the 2 Hz and 3 Hz
dynamic conditions. The 5 s duration was chosen to mini-
mize memory-based comparisons from previous trials.
Each participant was tested individually in a 90-105-min
session during which he/she completed a total of 108 trials:
3 Wrist angles X 3 Wrist angular kinematics X 6 Objects X 2
Trials. A crossed, pseudo-randomized block design was
used, the factors of Wrist angle (Radial, Neutral, and Ulnar)
crossed with the factors of Wrist angular kinematics (Static,

C

Static 2 Hz dynamic 3 Hz dynamic

[elpey

[eJINaN

Jeujn

nated heaviness of 100 units, and length by adjusting the position of a
marker on a string-pulley assembly. ¢ The participant was instructed
to constrain his/her wrist movement about 10° radial deviation (top
panels), a neutral position (middle panels), or about 10° ulnar devia-
tion (bottom panels). In a static condition, the participant lifted and
held each object static (left panels), and in the two dynamic condi-
tions, the participant lifted and wielded each object synchronously
with metronome beats at 2 Hz or 3 Hz (center and right panels)

2 Hz dynamic, and 3 Hz dynamic). The order of the 12 tri-
als (6 Objects x 2 Trials/Object) was pseudo-randomized for
each block.

Statistical analyses

To investigate which mechanical variables best explained
variation in perceived heaviness and length, we followed
an information-theoretic approach. This approach uses the
Akaike Information Criterion (AIC; or quasi-AIC (QAICc)
for over-dispersed data) to choose a set of plausible models
from a given set of a priori candidate models (Burnham and
Anderson 2002). According to this approach, the Akaike
information criterion (AIC) serves as an estimator of out-
of-sample prediction error and thereby the relative quality
of statistical models for a given set of data. AIC estimates
the quality of each model relative to each of the other mod-
els. Specifically, a smaller AIC value reflects better perfor-
mance/complexity trade-off. Thus, AIC provides a means for
selecting the model with the best performance/complexity
trade-off. We considered eight candidate models, includ-
ing the null model and all the different combinations of the
given mechanical variables: mass, static moment, and the
logarithm of moment of inertia. We performed this analy-
sis for heaviness and length separately and controlled for

@ Springer
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participant identity in each model using linear mixed-effects
models (LMEs).

While there is no formal approach to identify if particu-
lar sample size is small, it is known that using AIC-based
model selection with relatively small sample sizes can lead
to selecting models with more parameters, thus overfitting
(Hurvich and Tsai 1989). Therefore, we have used quasi-
AICc or QAICc, which applies a sample size correction
and correction for overdispersion, making it appropriate for
use on datasets with small sample sizes (Hurvich and Tsai
1995). Hence, we maintain that the statistical techniques
used are appropriate for our data.

To examine the effects of wrist angle, wrist angular kin-
ematics, and object on perception, we submitted the val-
ues of perceived heaviness and perceived length to aligned
rank transformed (ART) ANOVAs—one each for perceived
heaviness and perceived length, using the function artlm()
from package ARTool (Feys 2016) in RStudio (Team 2013).
ART ANOVA is a nonparametric approach that accom-
modates multiple independent variables, interactions, and
repeated measures. Coefficients for the model are described
in Table 5. Significant main and interaction effects were fol-
lowed by post-hoc comparisons with the p values corrected
for multiple comparisons using Tukey’s method for pair-
wise contrasts and Holm method for interaction contrasts.
Each test statistic was considered significant at the two-
tailed alpha level of 0.05. Pairwise contrasts are described
in Table 5.

Because our data did not fit any exponential family distri-
bution, it required a non-parametric approach like the ART
ANOVA (using ranked data) for inference. However, we
still report Cohen’s d-like effect sizes—approach as taken
in Rouder et al. (2012)—on the actual data (not ranked
data) from the linear mixed-effects model (LME) using the
function nlme() from package nlme (Pinheiro et al. 2018)
in RStudio (Team 2013). Although the LMEs will be less
reliable given the data distribution, they can still be used to
make sense of the effect sizes. Effect sizes are described in
Table 5.

Results

Testing Hypothesis-1: Distinct mechanical variables
specified perceptual judgments of heaviness
and length

To investigate which mechanical variables best explained
variation in perceived heaviness, we followed an infor-
mation-theoretic approach to model selection. Of the
eight models we considered (Table 2), four models with
non-zero probability included the static moment; the fifth
model included mass and the moment of inertia but not
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the static moment. The model with the best performance-
to-complexity ratio (i.e., smallest QAICc value) included
only the static moment, and the support for this model was
1.46 times stronger than the model also including mass
(evidence ratio = wi/wj =0.35/0.24 =1.46; Table 2; Fig. 2a,
top panel), 1.84 times stronger than the model also includ-
ing the moment of inertia (wi/w;=0.35/0.19 = 1.84), and
3.89 times stronger than the model including all mechani-
cal variables (wi/wj =0.35/0.09=3.89). The second-best
model also included object mass, which is consistent with
the finding that for each value of the static moment, the
object with a greater mass was perceived to be heavier
(Tables 3, 4; Fig. 2a, bottom panel). Although all four
models that also included mass and/or the moment of
inertia showed closer fits, as reflected by the smaller log-
likelihood values, the improvement in fit was accompa-
nied by an increase in the complexity of the model, ulti-
mately reducing the performance-to-complexity ratio,
as reflected by the larger QAICc values. In other words,
including mass and/or the moment of inertia in a model
likely overfitted the data than it increased its predictive
power. Considering model-averaged parameter estimates
(Burnham and Anderson 2002), an increase in the static
moment resulted in an increase in perceived heaviness; for
the other two mechanical variables, the 95% confidence
interval set included zero (Table 2).

An identical model comparison yielded very distinct
effects of the three mechanical variables on perceived length.
Of the eight models we considered (Table 2), all four models
with coefficients within 95% CI and non-zero probability
included the moment of inertia. The model with the best per-
formance-to-complexity ratio (i.e., smallest QAICc value)
included only the moment of inertia, and the support for this
model was 2.5 times stronger than the model also including
the static moment (evidence ratio = w;/w;=0.483/0.192=2.
516; Table 2 and Fig. 2B, top panel), 2.6 times stronger than
the model also including mass (wi/wj =0.483/0.187=2.586),
and 6.5 times stronger than the model also including both
mass and the static moment (w;/w;=0.483/0.074=6.527).
In contrast to perceived heaviness, for each value of the
static moment, the object with a greater moment of iner-
tia—and not mass—was perceived to be longer (Tables 3,
4; Fig. 2b, bottom panel). The very close log-likelihood val-
ues for the four models indicate that including mass and the
static moment did not increase the model fit—as indicated
by closer-to-zero log-likelihood—as much as it increases
the model complexity. In other words, including mass and/
or the static moment in a model likely overfitted the data
as opposed to increasing its predictive power. Considering
model-averaged parameter estimates (Burnham and Ander-
son 2002), an increase in the moment of inertia resulted in
an increase in perceived length; for the other two mechanical
variables, the 95% CI set included zero (Table 2).
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Table2 Summary of model selection

Model(i) B m M Log(ongitudinar) K Log-likelihood QAICc 4, w;

Heaviness perception
1 3.398 1.976 x 107 4 —7100.833 1301.6 0.00 0.314
2 —-820.000 0.3939 163.10 5 —7093.922 1302.3 0.76 0.215
3 1.007 0.1036 1.695x 107 5 —7094.034 1302.3 0.78 0.212
4 229.900 2.226x107 -45.32 5 —7096.486 1302.8 1.23 0.170
5 -421.100 0.2491 8.380x 107 83.83 6 —7092.532 1304.1 2.53 0.089
6 35.810 0.5389 4 —7246.888 1328.1 26.56 0.000
7 —-1215.000 253.90 4 —7312.915 1340.1 38.57 0.000
8 175.700 3 -7607.637 1391.7 90.16 0.000

MAP —-173.000 0.1287 1.434x 107 34.75

2.5% CI -922.132 -0.0224 9.660x 107 -115.54

97.5% CI 576.169 0.5213 2.685%107° 262.37

Length perception
1 -64.05 21.15 4 -4620.259 1300.3 0.00 0.483
2 —74.65 -1.633%x 1077 23.35 5 -4619.626 1302.2 1.84 0.192
3 —66.43 -0024 21.70 5 -4619.824 1302.2 1.90 0.187
4 -104.80 0.0112 -8.069%x 1077 29.34 6 -4619.238 1304.1 3.76 0.074
5 4291 -0.0394 2.191x 107 5 —4627.555 1304.4 4.06 0.064
6 42.02 1.119x 107 4 —4670.467 1314.4 14.02 0.000
7 47.39 0.0169 4 —4745.709 1335.4 35.03 0.000
8 51.78 3 -4767.933 1339.6 39.23 0.000

MAP -62.70 -0.0021 4.868x107° 20.93

2.5% CI -125.60 —-0.0427 —2.004x 1076 15.84

97.5% CI 0.20 0.0298 2.299x 107 28.87

Parameters include the intercept (B); scaled-values of object mass (m), static moment (M), and moment of inertia [Log(/jngitudina)]; the num-
ber of free parameters (K); Log-Likelihood; the Akaike information criterion corrected for over-dispersion (QAICc); the difference in QAICc
between the ith model and the best model (4;); and model weight or the probability that a given model is the best model among all models (w;).
Models are arranged in order from best (lowest A;) to worst (highest A;). The bottom rows describe the model-averaged parameter estimates
(MAP) with lower (2.5%) and upper (97.5%) bounds of 95% confidence intervals (CI)

Testing Hypotheses-2: The ulnar deviation increased
perceived heaviness and reduced perceived length

The ulnar deviation exerted the stronger effect on per-
ceptual judgments while the radial deviation showed no
difference from the neutral position. Regarding Hypothe-
ses-2a and -2b, the manipulations of wrist angle affected
perceived heaviness (F, |53, =23.56, P <0.001; Table 3).
Each object was perceived to be heavier when the wrist
was constrained to move about the ulnar position than the
neutral and radial positions (Neutral — Ulnar, ¢;,3,=-4.88,
n*=0.00, P<0.001; Radial — Ulnar, #,,;,=-6.62,
P <0.001; Tables 4, 5; Fig. 3a, top panel). Regarding
Hypotheses-2c and -2d, the manipulations of wrist angle
affected perceived length (F, 53, =13.37, P <0.001;
Table 3). In contrast to the observed effects on perceived
heaviness, each object was perceived to be shorter when
the wrist was constrained to move about the ulnar posi-
tion than the neutral and radial positions (Neutral — Ulnar,

t1p3p=3.55, P=0.001; Radial — Ulnar, f,3,=5.03,
P <0.001; Tables 4, 5b; Fig. 3a, middle panel).

Testing Hypotheses-3: Wielding at a higher
frequency prompted larger heaviness judgments
with weaker dependence on the wrist angle

and length judgments with stronger dependence
on the wrist angle

Wielding at a higher frequency prompted larger heaviness
judgments but no change in length judgments. Regard-
ing Hypothesis-3a, the manipulation of wrist kinematics
affected perceived heaviness (F, 53, =38.05, P<0.001;
Table 3). Each object was perceived to be heavier when
that object was wielded at 2 Hz and 3 Hz than when held
static (2 Hz dynamic — Static, #,,3,=3.96, P <0.001; 3 Hz
dynamic — Static, #,,3,=2.54, P=0.030; Tables 4, 5; Fig. 3a,
middle panel). However, regarding Hypothesis-3b, the
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Fig.2 Perception of heaviness and length via effortful touch was
based on distinct mechanical variables. a Perceived heaviness
increased as a function of the static moment. b Perceived length
increased as a function of the moment of inertia. The thicker and
thinner lines in the top panels indicate the best and the second-
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best model fits, respectively. Error bars indicate+1SEM. Mass:
Object-1> Object-2, Object-3 > Object-4, Object-5> Object-6; Static
moment: Mg<My<M;; Moment of inertia: Object-1<Object-2,
Object-3 < Object-4, Object-5 < Object-6

Table 3 Coefficients of ART

o Effect Perceived heaviness Perceived length

ANOVA examining the

influence of wrist angle, wrist F Df, Df.res P* F Df, Dfres P*

angular kinematics, and object

on perceived heaviness and Wrist angle 23.56 2,1231 <0.001 13.37 2,1231 <0.001

length Wrist angular kinematics 8.05 2,1231 <0.001 1.36 2,1231 0.257
Object 456.87 5,1231 <0.001 66.21 5,1231 <0.001
Wrist angle X Wrist angular kinematics 4.51 4,1231 0.001 5.66 4,1231 0.001
Wrist angle X Object 1.55 10,1231 0.118 0.75 10,1231 0.676
Wrist angular kinematics X Object 1.13 10,1231 0.339 0.85 10,1231 0.583
Wrist angle X Wrist angular kinematics X Object ~ 0.66 20, 1231  0.870 0.99 20,1231 0.476

“Boldfaced values indicate statistical significance at the two-tailed alpha level of 0.05

manipulation of wrist kinematics did not affect perceived
length (F, 53, =1.36, P=0.257; Table 3).

Wielding at a higher frequency weakened the observed
effects of the manipulation of wrist kinematics on heavi-
ness judgments but accentuated the effects on length judg-
ments. Regarding Hypothesis-3c, wrist angular kinematics
modulated the effects of wrist angle on perceived heaviness
(F,,1231=456.87, P<0.001; Table 3). These effects of wrist
angle on perceived heaviness diminished as each object
was wielded at greater frequencies (Radial — Ulnar: 2 Hz
dynamic — Static, P =0.006; Neutral— Ulnar: 3 Hz dynamic
— Static, P=0.007; Radial — Ulnar: 3 Hz dynamic — Static,
P=0.027; Tables 4, 5; Fig. 3a, bottom panel). On the other
hand, wrist angular kinematics modulated the effects of
wrist angle on perceived length (Fy 153, =15.66, P<0.001;
Table 3). These effects of wrist angle on perceived length
amplified as each object was wielded at 2 Hz and 3 Hz than

@ Springer

when held static (Neutral — Ulnar: 3 Hz — 2 Hz dynamic,
P <0.001; Radial — Ulnar: 3 Hz dynamic — Static, P =0.006;
Radial — Neutral: 2 Hz dynamic — Static, P=0.007; Tables 4,
5; Fig. 3b, bottom panel).

Discussion

Blindfolded participants manually wielded objects of differ-
ent mass and mass distribution about the wrist at different
wrist angles and kinematics and reported their perceptual
judgments of heaviness and length. Analysis revealed that
perception of heaviness and length depended on an object’s
static moment and the moment of inertia, respectively. Vari-
ation in perceived heaviness and length over variation in
wrist angle and wrist angular kinematics suggest that move-
ment-related peripheral feedback from spindles and tendon
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Table 4 Pairwise contrasts following ART ANOVAs in Table 3
Effect Contrast Perceived heaviness Perceived length
Estimate (+ ISE) Df  tratio P* Estimate (+ ISE) Df  tratio P?
Wrist angle
Neutral — Ulnar -90.8 (18.6) 1231 -4.88 <0.001 67.5(19) 1231 3.55 0.001
Radial — Ulnar -123.3 (18.6) 1231 -6.62 <0.001 97.5(19) 1231 5.03 <0.001
Radial — Neutral -32.4 (18.6) 1231 -1.74 0.190 28.2(19) 1231 149 0.299
Wrist angular kinematics
2 Hz dynamic — Static 73.9 (18.7) 1231 396 <0.001 22 (19.1) 1231 1.15 0.482
3 Hz dynamic — Static 47.4 (18.7) 1231 2.54 0.030 8.48(19.1) 1231 045 0.897
3 Hz dynamic — 2 Hz dynamic -26.5 (18.7) 1231 -1.42 0332  39.48(19.1) 1231 1.60 0.247
Effect Contrast Value Df 2 P? Value Df 2 P?
Wrist angle X Wrist angular kinematics
Neutral — Ulnar x Static — 2 Hz dynamic 32.90 1 0.52  1.000  116.64 1 6.33  0.059
Neutral — Ulnar x Static — 3 Hz dynamic -118.23 1 6.71 0.058  -59.79 1 1.66  0.592
Neutral — Ulnar X2 Hz dynamic — 3 Hz dynamic —151.13 1 1096 0.007 -176.42 1 14.48 0.001
Radial — Ulnar x Static — 2 Hz dynamic -22.94 1 025 1.000 -17.08 1 0.14 0.712
Radial — Ulnar X Static — 3 Hz dynamic —154.85 1 11.51 0.006 -138.49 1 8.92 0.023
Radial — Ulnar X 2 Hz dynamic — 3 Hz dynamic ~ -131.90 1 835 0.027 -12141 1 6.86  0.053
Radial — Neutral X Static — 2 Hz dynamic -55.84 1 149 1.000 -133.72 1 8.32  0.028
Radial — Neutral x Static — 3 Hz dynamic -36.62 1 0.64 1.000 -78.70 1 2.88 0.359
Radial — Neutral X2 Hz dynamic — 3 Hz dynamic 19.22 1 0.18 1.000  55.01 1 141 0592

“Boldfaced values indicate statistical significance at the two-tailed alpha level of 0.05

organs play a fundamental role in effortful perception of
both heaviness and length. However, manipulations of wrist
angle and wrist angular kinematics affected perceptual judg-
ments of heaviness and length in distinct ways, suggesting
that proprioceptive afferents differentially contribute to
effortful perception of object heaviness and length. In what
follows, we discuss possible explanations of these findings.

Perception of heaviness and length depend
on an object’s static moment and the moment
of inertia, respectively

The results of the AIC-based model selection suggest that
distinct mechanical variables provide the informational sup-
port for perception of heaviness and length of an occluded
wielded object. Perceived heaviness of an object was mainly
a function of its static moment, a finding which strongly
echoes previous results (Kingma et al. 2002, 2004). Nota-
bly, perceived heaviness of an object was an equally good
function of the static moment and the combination of mass
and the moment of inertia. This second finding reflects the
fact that mass and the moment of inertia in conjunction can
inform about the static moment. For instance, an object with
a greater moment of inertia must have its center of mass
distributed farther away from the hand than an object of the
same mass but a smaller moment of inertia; both objects

might be perceived equally heavy. This redundancy implies
that previous studies that reported perceived heaviness as
a function of the moment of inertia (Amazeen and Turvey
1996; Turvey et al. 1999; Streit et al. 2007a, b) do not con-
tradict those that reported perceived heaviness as a function
of the static moment (Kingma et al. 2002, 2004) after all.
Indeed, when the mass, static moment, and moment of iner-
tia vary independently, perception can depend on mechanical
variables based on their salience (van de Langenberg et al.
2006). Heaviness perception can also depend on the style of
lifting objects (Amazeen et al. 2011). Such deviation from a
strict physical model is what characterizes the flexibility and
context sensitivity of the haptic perceptual system (Thomas
et al. 2019).

In contrast, perceived length of an object was mainly a
function of its moment of inertia (Fitzpatrick et al. 1994;
Turvey et al. 1998; Mangalam et al. 2018a). The mass and
the static moment did not contribute to length perception,
as adding these variables in the model did not increase its
predictive power. Indeed, this result reflects our everyday
experience of separating movement from the medium. An
object’s static moment depends on the force of gravity
incurred by a medium. Therefore, an object is perceived
lighter when immersed in water than when wielded in the
air. In contrast, an object’s moment of inertia depends
on its situation within our movements: inertial moments
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Table 5 Pairwise contrasts and associated Cohen’s d-like effect sizes following linear mixed-effects models (LMEs) that retain the model struc-

ture used in ART ANOVAs
Effect Contrast Perceived heaviness Perceived length
Estimate (+1SE) Df  fratio d,* Estimate (+1SE) Df  fratio d*
Wrist angle
Neutral — Ulnar —6.60 (3.84) 1231 -1.72 -0.12 1.80(0.56) 1231 321 0.22
Radial — Ulnar -10.65 (3.84) 1231 -2.77 -0.19 2.88(0.56) 1231 5.14 035
Radial — Neutral —4.04 (3.84) 1231 -1.05 -0.07 1.08 (0.56) 1231 193 0.13
Wrist angular kinematics
2 Hz dynamic — Static 9.75 (3.84) 1231 254 017 -0.53(0.56) 1231 -0.95 -0.06
3 Hz dynamic — Static 8.81 (3.84) 1231 229 0.16 0.27 (0.56) 1231 048 0.03
3 Hz dynamic — 2 Hz dynamic -0.94 (3.84) 1231 -0.24 -0.02 0.80 (0.56) 1231 1.43 0.10
Effect Contrast Value Df 2 d? Value Df 2 d?
Wrist angle X Wrist angular kinematics
Neutral — Ulnar X Static — 2 Hz dynamic 12.17 1 1.67 022 3.87 1 795 047
Neutral — Ulnar X Static — 3 Hz dynamic -13.86 1 2.17 025 -1.84 1 1.79  -0.22
Neutral — Ulnar X2 Hz dynamic — 3 Hz dynamic  -26.03 1 7.65 046 -5.71 1 17.28 -0.69
Radial — Ulnar x Static — 2 Hz dynamic -10.20 1 1.18  -0.18 -0.98 1 051 -0.12
Radial — Ulnar X Static — 3 Hz dynamic -20.57 1 478 036 —4.62 1 11.31 -0.56
Radial — Ulnar X2 Hz dynamic — 3 Hz dynamic =~ -10.37 1 121 -0.18 -3.64 1 7.04 -0.44
Radial — Neutral X Static — 2 Hz dynamic -22.37 1 5.65 040 -4.85 1 1246 -0.59
Radial — Neutral X Static — 3 Hz dynamic -6.71 1 0.51  -0.12 -2.78 1 410 -0.34
Radial — Neutral X2 Hz dynamic — 3 Hz dynamic  15.66 1 277 028 -2.07 1 226 -0.25

ART ANOVAs in Table 3 are used for inference instead of LMEs as the data are not normally distributed and hence, require non-parametric
tests. The outcomes of LMEs reported below provide a sense of effect sizes

%Cohen’s d-like effect size is calculated by assuming that the sigma in classical Cohen’s d is the residual standard deviation of the model;

approach as taken in Rouder et al. (2012)

reflect resistance to our ability to rotate the objects about
our wrist. Hence, perceived length of an object is fairly
consistent whether it is wielded in water or the air (Pagano
and Donahue 1999; Pagano and Cabe 2003; Mangalam
etal. 2017, 2018b).

Finally, we find that exploration plays a participatory
rather than an exclusively defining role in perception.
The postures and movements of the arm interact with the
physiology rather than acting as a clamp that switches one
mechanoreceptor class on and the other off. The fact that
both kinds of perception (i.e., of heaviness and length)
were possible in all exploratory modes entails that, under
all motoric conditions, all candidate mechanical variables
were accessible, and all candidate mechanoreceptors were
active. Hence, restrictive exploratory behavior does not
undermine the finding that heaviness and length judgments
were tied to different mechanical variables. The diminution
of overt angular accelerations in the static condition might
leave perceptual information about the static moment more
available (Kingma et al. 2002, 2004). However, holding
an object still requires generating angular accelerations
to counteract gravity. Access to the moment of inertia
extends to movements that are incredibly minimal and
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sometimes completely unintended (Carello et al. 1992;
Palatinus et al. 2013, 2014).

Proprioceptive afferents differentially contribute
to effortful perception of object heaviness
and length

The portrait that emerges is of a nervous system moderating
its activity in accordance with relatively central expecta-
tions and relatively peripheral exploration. The results of
nonparametric ANOVA support Luu et al.’s (2011) unifying
hypothesis of the fusiform and reafferent origin of heaviness
perception, depending on both efferent and afferent activ-
ity—deviations from expected reafference may support the
perception of an object as lighter or heavier. We interpret the
present results related to heaviness perception in the light
of this unifying hypothesis and reconcile several previous
results using the same hypothesis.

The dynamics of the muscular contraction produce
reafference that conveys object heaviness and length of
to the nervous system (von Holst and Mittelstaedt 1950).
Afferent feedback from group Ia spindle fibers convey the
rate of change of muscle length to the nervous system,
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Fig.3 Wrist angle and wrist angular kinematics showed oppo-
site effects on perception of heaviness and length. The solid circles
indicate the median value for each combination of wrist angle and
wrist angular kinematics. The dots indicate judgments in individual
trials and have been offsetted for visibility. a These effects of wrist
angle on perception of heaviness diminished as the object was
wielded at greater frequencies (Radial — Ulnar: 2 Hz dynamic —

group II spindle fibers convey a muscle’s instantaneous
length (Al-Falahe et al. 1990; Proske and Gandevia 2012),
and group Ib tendon-organ fibers convey the force pro-
duced by an active muscle. In our experiment, when an
object was held static, the ulnar and radial deviations of
the wrist supposedly increased tension in the muscles, as
well as increase the antagonists’ length. The ulnar devia-
tion would primarily increase the reafference from group
II and Ib fibers innervating the ulnar antagonist muscles,
and as a consequence, objects were perceived heavier than
during the neutral wrist angle. In contrast, the radial devia-
tion reduced the reafference from group II and Ib fibers
innervating from the radial agonist muscles, due to which
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Static, P=0.006; Neutral- Ulnar: 3 Hz dynamic — Static, P=0.007;
Radial — Ulnar: 3 Hz dynamic — Static, P=0.027). b These effects
of wrist angle on perception of length amplified as the object was
wielded at 2 Hz and 3 Hz than held static (Neutral — Ulnar: 3 Hz —
2 Hz dynamic, P<0.001; Radial — Ulnar: 3 Hz dynamic — Static,
P=0.006; Radial — Neutral: 2 Hz dynamic — Static, P=0.007)

the objects were perceived lighter than during ulnar devia-
tion and neutral wrist angle.

Volitional contraction of muscles while wielding an
object would create strong reafference from group 1a affer-
ents, reflecting rapid changes in muscle length. The result
that wielding at 2 and 3 Hz increased perceived heaviness
indicates that la afferents may also play a role in heavi-
ness perception. The failure of wrist-angle manipulation to
impact heaviness perception at the same wielding frequen-
cies suggests that the movement-related reafference from
group la afferents may contribute towards heaviness percep-
tion independent of 1b afferents. In contrast, in the absence
of reafference from group la afferent when an object is held
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static, heaviness perception is based primarily on reafference
from group Ib and group II afferents.

The fact that perceived length increased with radial devia-
tion but failed to change with frequency suggests that length
perception does not depend on the magnitude of group la
afferent feedback. That length perception does not depend
on the magnitude of afferent stimulation is not surprising.
Length perception with reasonable accuracy is possible
under reduced peripheral afferent feedback: by moving an
object minimally (Carello et al. 1992; Lederman et al. 1996),
and by wielding an object when its buoyancy reduces the
resistance to rotation (Pagano and Donahue 1999; Pagano
and Cabe 2003; Mangalam et al. 2017, 2018b). Despite
being unable to identify objects in her left hand or sense
them in the hand while manipulating them, a patient with
peripheral neuropathy could perceive the length of occluded
wielded objects with reasonable accuracy (Carello et al.
2006). Unfortunately, this study’s design does not allow us
to identify and comment on how exactly afferent feedback
contributes to length perception. Nonetheless, the result that
the radial deviation amplified judgments of length despite
the supposed reduction in the reafference from group II and
Ib fibers innervating the radial agonist muscles strengthens
our claim that group 1a and group Ib afferents independently
and differentially contribute to length differently than they
do to heaviness perception.

Limitations of the present study

One limitation of the present study is that the two repetitions
for each combination of wrist angle, wrist angular kinemat-
ics, and object are insufficient to develop a measure of cen-
tral tendency for any individual. However, there are a few
points to be noted here. First, we were interested in defining
how individuals use proprioceptive and kinesthetic sensory
feedback to estimate mass and inertial properties. Second,
we specifically wanted to avoid confounds due to practice
and fatigue. Thus, to minimize these confounds, we could
use neither multiple repetitions nor trials much longer than
5 s each as the testing session already lasted close to 2 h.
Therefore, we have refrained from implying that the per-
ceptual reports of participants imply a central tendency or
a stable psychophysical measure. Finally, we also want to
clarify that we did not use a mean of the two values for each
combination of wrist angle, wrist angular kinematics, and
object but instead, considered both values.

Another limitation of the present study is that during the
5 s trial period, the baseline position of the wrist (either
radial or ulnar) may have drifted to reach a more natural
neutral position. Furthermore, the static moment and the
moment of inertia of the objects may have also influenced
the magnitude of drift. Although we instructed the partici-
pants to minimize the movement amplitude in the 2-Hz and
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3-Hz dynamic conditions, any amount of wrist movement
may have influenced the baseline wrist angle. Although we
did not have data to verify that participants maintained the
required wrist angle, any potential differential interaction
effects of wrist angle and wrist angular kinematics on per-
ceived heaviness and length suggest that, for the most part,
this factor failed to register any interaction effects of wrist
angle, wrist angular kinematics, and object on perceived
heaviness and length further supports this assertion.

Implications for the physiological study of effortful
touch

The present results indicate that parsing of different mecha-
noreceptors for different perceptual functions is not so cut
and dry. The nervous system’s emerging portrait seems to
respect a fluid use of afference from specific mechanore-
ceptors—this fluidity might look slippery and ambiguous.
However, the ecological approach to perception offers a long
history of evidence within which these results fit neatly. For
instance, bare intention sets constraints on which motor units
contract before the volitional movement begins to act out
of instructions (Gurfinkel et al. 1971; Latash 1993). The
organizational framework for context-sensitive intentional
action is not specific to mechanoreceptor classes but rather
interactions across scales, in which information from move-
ment is co-determined by intention no less than the mecha-
noreceptors (Latash 2020).

The ecological approach to perception seeks to refocus
how physiology might support perception. Thus, lifting
the burden of explaining haptic perceptual responses from
the rhetorical shoulders of mechanoreceptor classes does
not entail a loss of physiological specificity. It only allows
the realigning our appeal to physiological causes along a
multiscaled architecture. The bodywide tensions exerted
by connective tissues (e.g., spanning muscles and joints)
give the organism a tensional integrity—sometimes called
‘tensegrity’ (Ingber 2006). Tensegrity offers a fast, global
substrate whose tensile properties offer an adaptive platform
for the relatively slow, local neural dynamics (Turvey and
Fonseca 2014). A key signature of tensegrity is multifrac-
tality, a mathematical property with various physiological
applications (Frost et al. 2017) and an entailment of these
tissues exhibiting exquisite interactions across many scales.
Although the present results do not speak to this multifractal
structure, alternative analyses of these same perceptual judg-
ments have shown that the bodywide flow of multifractal-
ity predicts trial-by-trial judgments of heaviness and length
(Mangalam and Kelty-Stephen 2020; Mangalam et al. 2020a,
¢, b). Hence, while manipulating intent and movement, the
slippery appearance of each mechanoreceptor class’s role
may offer a glimpse of tensegrity dynamics.
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