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Abstract

The applied muscular effort to wield, hold, or balance an object shapes the medium by which action-relevant perceptual
judgments (e.g., heaviness, length, width, and shape) are derived. Strikingly, the integrity of these judgments is retained
over a range of exploratory conditions, a phenomenon known as perceptual invariance. For instance, judgments of length
do not vary with the speed of rotation, despite the greater muscular effort required to wield objects at higher speeds. If not
the amount of muscular effort alone, then what features of the neuromuscular activity implicated while wielding objects
contribute to perception via dynamic touch? In the present study, we investigated how muscular activity mediates percep-
tion of heaviness and length of objects via dynamic touch. We measured EMG activity in biceps brachii and flexor carpi
radialis as participants wielded objects of different moments of inertia. We found that variation in the amount of muscular
effort (literally, root-mean-square values of EMG activity) predicted variations in judgments of heaviness but not length.
In contrast, fluctuations in the activity of biceps brachii and flexor carpi radialis were fractal, and variation in the degree of
fractality in the two muscles predicted variation in judgments of length. These findings reflect the distinct implications of
dynamic touch for perception of heaviness and length. Perceptions of length can be derived from minimal effort, and mus-
cular effort only shapes the medium from which judgments of length are derived. We discuss our findings in the context of
the body as a multifractal tensegrity system, wherein perceptual judgments of length by wielding implicate, at least in part,
rapidly diffusing mechanotransduction perturbations cascading across the whole body.

Keywords Biotensegrity - Effortful touch - Fractality - Haptic perception - Multifractality - Muscular effort - Perceptual
invariance - Psychophysics

Introduction object for hammering, probing, or raking (Wagman and

Carello 2001, 2003; Wagman and Taylor 2004; Michaels

Properties of an object such as length, size, and shape are
typically relevant to using that object for reaching and/
or acting upon a distant target (Bongers et al. 2003; van
der Steen and Bongers 2011; Valk et al. 2016), and prop-
erties such as mass distribution are relevant to using an
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et al. 2007; Harrison et al. 2011). These properties are
invariably tied to an object’s moment of inertia and can
be perceived by dynamically or effortfully touching these
objects. This haptic [sub]modality—*“dynamic touch”—
supports the perceptions of such properties of a wielded
object as heaviness, length, width, shape, and orientation
in hand (Carello and Turvey 2000; Wagman and Carello
2001; Michaels et al. 2007; Turvey and Carello 2011; Man-
galam et al. 2018b). The applied muscular effort to wield,
hold, or balance an object shapes the medium by which
action-relevant perceptual judgments are derived. Surpris-
ingly, the integrity of these judgments is retained over a
range of exploratory conditions, a phenomenon known as
perceptual invariance. For instance, judgments of heavi-
ness do not vary when objects are rotated at varying speed
despite a greater amount of muscular effort being required
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to rotate objects at higher speeds (Streit et al. 2007a, b).
Similarly, wielding the same objects in air and water
requires substantially different levels of muscular effort,
but perception of length remains constant across the two
media (Pagano and Donahue 1999; Pagano and Cabe 2003;
Mangalam et al. 2017, 2018c¢). If not the amount of mus-
cular effort alone, then what features of the neuromuscular
activity implicated, while wielding objects contribute to
perception via dynamic touch? Understanding the rela-
tionship between neuromuscular activity (wielding kinet-
ics), exploratory movements (wielding kinematics), and
perceptual judgments could explain perceptual constancy.

Perception via dynamic touch

Perception via dynamic touch involves the detection of
three moments of inertia that together quantify how an
object’s mass is distributed in three-dimensional space.
The joint torque, 7, required to initiate the rotational
motion of an object about a point of rotation in a joint
depends on its moment of inertia, as modeled in the fol-
lowing equation:

Tioint = la — mgr - cos (0),

such that if the object is rotated about the wrist, m is the
mass of the hand—object dyad, g is acceleration due to
gravity, r is the radius of gyration about the wrist, and @ is
the angle of the object relative to the horizontal. I« repre-
sents the dynamic torque, 7 y,,mic, due to the hand—object
dyad’s rotational motion, while mgr-cos(6) represents the
static torque, 7., due to the hand—object dyad’s weight
(the negative sign reflects that acceleration due to gravity is
directed downwards). I is the moment of inertia and « is the
angular acceleration. The wrist movements while wielding
the object contribute to the detection of /.

I of a freely wielded object—or the degree to which
it resists being rotated back and forth, up and down, or
twisted—is represented by a 3 X 3 matrix; the “inertia ten-
sor” of the hand—object dyad (Fig. 1). The eigenvalues /|,
I,, and I; specify the resistance of that object to angular
acceleration about its symmetry axes. Distinct combinations
of the largest and the smallest eigenvalues, I, and /5, spec-
ify the length and width of such objects (Fitzpatrick et al.
1994; Turvey et al. 1998). The ratio of /; and I, specifies the
distribution of mass and thereby the shape of such objects
(Burton et al. 1990). I}, I,, and I; together determine the
influence of an object’s physical dimensions on perception
of its heaviness (Amazeen and Turvey 1996; Turvey et al.
1999; Shockley et al. 2004). How these combinations and
their perceptual implications are reflected in behavior and
activity of the biophysical substrate remains a question of
serious interest.
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Fig.1 Eigenvalues, I, I,, and I3, of the inertial tensor of the hand—
object dyad, / (the origin of the coordinate system lies at some point
in the wrist). The combinations of eigenvalues and the properties
which they specify are tabulated below

Tensegrity hypothesis: a bodywise tensegrity
system provides the foundation for dynamic touch

The biophysical substrate of dynamic touch is hypoth-
esized to be a multifractal tensegrity (MFT) system,
wherein the shape and stability of the constituents of each
scale—individual cell at the lowest scale to whole body at
the highest scale—is derivative of continuous tension and
discontinuous compression (Turvey and Fonseca 2014;
Schleip et al. 2014). The skin, connective tissue net, mus-
cles, tendons, bones, joints, and nerve fibers comprise a
delicately balanced, interconnected mechanical structure
held together by the finely tuned interactions among ele-
ments under tension or compression. Consequently, locally
applied forces (e.g., at a particular anatomical site) result
in the global realignment of forces and are thus registered
globally. Such a global and distributive nature of the haptic
perceptual system implies no limit to the number of realiz-
able perceptual states, as distinct patterns of force distri-
butions may give rise to identical perceptual judgment(s).
Tensegrity architecture supports “mechanotransduction”,
the rapid propagation of local perturbations across the
global architecture (Nelson et al. 2005; Ingber 2006,
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2010). The local interactions among the components of
a complex system such as an MFT shape global behavior,
percolating over a range of scales in a temporally cor-
related manner (Goldberger et al. 1990, 2002; Ducharme
and van Emmerik 2018). Consistent with this description
of the haptic perceptual system of dynamic touch, peo-
ple can perceive the length of an object with reasonable
consistency by wielding it about their wrist, elbow, or
shoulder (Pagano et al. 1993), as well as by wielding it
with their limbs, torso, or head (Hajnal et al. 2007b, a;
Palatinus et al. 2011; Wagman and Hajnal 2014; Wagman
et al. 2017). These findings support situates fractal pat-
terns in movements in the framework of the MFT hypoth-
esis and highlights the abstractness of the [sub]modality
of dynamic touch.

Fractal fluctuations in wielding kinematics
and judgments of length via dynamic touch:
preliminary support for the tensegrity hypothesis

Current interest in applying fractal geometry to topics in
the study of living systems began with fractal applications
to physiology (Goldberger et al. 1990, 2002; Peng et al.
1994, 1995; Sturmberg et al. 2015). Mounting evidence sug-
gests that spatiotemporal variation in fractal fluctuations in
movements supports perception via dynamic touch (Stephen
et al. 2010; Stephen and Hajnal 2011; Palatinus et al. 2013;
Kelty-Stephen and Dixon 2014). The identification of fractal
fluctuations in the kinetics of exploratory movements would
further facilitate an understanding of the modal abstractness
of dynamic touch.

Measurable patterns in signal variability reflect a power-
law relationship between fluctuation in the strength of the
signal (literally, root mean square or RMS value) and time-
scale at which this variability is observed. This relationship
exhibits scale invariance; that is, the rate of signal decay is
identical for fluctuation over a range of timescales [for an
in-depth discussion of power laws and scale invariance in
perceptual judgments, see Luce (2002); Steingrimsson and
Luce (2006, 2007)]. The degree of fractality in these cases is
typically indexed by the strength of the power-law relation-
ship between fluctuation and timescale (Mandelbrot 1982,
1999). The scaling exponent, H, describes the strength of
this power-law relationship. As an indicator of temporal cor-
relations, H is related to correlation coefficient C, such that

CH=2""- 1

Evidence that perceived length varies with fractal scaling
in exploratory kinematics supports the hypothesis that frac-
tality characterizes the organization of the haptic perceptual
system of dynamic touch. Stephen et al. (2010) hypothesized
that fractal fluctuations in exploratory kinematics of the hand
grasping an experimental object would entail fluctuation at

all time scales, allowing perceptual systems a flexible way to
detect information at all time scales. The authors found that
fluctuations in the kinematics of exploratory wielding move-
ments were highly fractal and that a fractal-scaling exponent
predicted individual variation in judgments of length. The
authors hypothesized that their findings would extend to all
timescales: shorter (i.e., attunement to the specifying vari-
able, that is, the moment of inertia), intermediate (i.e., cali-
bration of the specifying variable), and longer (i.e., learning
and recalibrating after feedback). Later, Stephen and Hajnal
(2011) found that fractal fluctuations in exploratory kinemat-
ics also support the transfer of calibration to anatomically
different limbs (i.e., from hand to foot and foot to hand) and
the degree of fractality predicts differences in the transfer
of calibration. These latter findings by Stephen and Hajnal
(2011) conceptually replicated the findings by Stephen et al.
(2010) while further elaborating that qualitative differences
in exploratory kinetics across different anatomical structures
could be understood through the more generic, quantitative
framework of changing fractal fluctuations.

Advancing the tensegrity hypothesis: fractal
fluctuations in muscular activity and judgments
of length via dynamic touch

Evidence supports the substantial role of fractality in the
exploratory kinematics of wielding for perception of length
via dynamic touch (Stephen et al. 2010; Palatinus et al.
2013), and this evidence coincides with the hypothesis that
a bodywise MFT serves as a medium for perception via
dynamic touch. Taking these understandings to their next
logical step implicates fractality in the biophysical substrate
of dynamic touch. Specifically, if a higher degree of fractal-
ity in muscular activity facilitates faster and more compre-
hensive diffusion of forces at all relevant scales of time and
space, then we should be able to predict variation in percep-
tual judgments based on variation in the degree of fractality
in muscular activity implicated in wielding.

In a study investigating the role of muscular activity of
two hand muscles: biceps brachii and flexor carpi radialis,
in perception of distinct properties of wielded objects via
dynamic touch—specifically, heaviness and length (Man-
galam et al. 2018a), we analyzed EMG recordings of activ-
ity in biceps brachii and flexor carpi radialis as participants
wielded the objects of different moments of inertia and
reported their judgments of heaviness and length. We found
that judgments of heaviness varied in direct relation with the
RMS of EMG activity in both biceps brachii and flexor carpi
radialis. This finding confirmed the previously reported posi-
tive relationship between the amount of muscular effort and
perceptual judgments of heaviness (Waddell et al. 2016;
Waddell and Amazeen 2018a); judgments of heaviness do
not vary whether an object is wielded about the hand or
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the leg (Waddell and Amazeen 2018a). Notably, explora-
tory kinematics mediate this influence of muscular effort on
judgments of heaviness—judgments of heaviness follow a
function of the ratio of muscle activity to lifting acceleration
(Waddell et al. 2016; Waddell and Amazeen 2018b). How-
ever, in our study, such role of muscular effort did not extend
to perception of length, as we found no association between
perceptual judgments of length and the RMS of muscular
activity (Mangalam et al. 2018a). We, thus, concluded that
some other [unknown] features of muscular activity besides
the amount of muscular effort must provide for perception
of properties such as length, width, and space.

In the present study, we reanalyzed EMG signals of
biceps brachii and flexor carpi radialis recorded in our pre-
vious study (Mangalam et al. 2018a) to investigate the role
of fractality in muscular activity in perception of heaviness
and length via dynamic touch. Fractal fluctuations in the
muscular activity would reflect fast and comprehensive,
global diffusion of forces. Hence, local perturbations car-
ried over muscular activity in the process of overcoming
the moment of inertia of the wielded object result in rapidly
diffusing mechanotransduction cascades across the whole
MFT. Accordingly, we hypothesized that fluctuations in the
activity of biceps brachii and flexor carpi radialis would be
fractal, and that variation in the degree of fractality in the
two muscles would predict variation in judgments of length.
However, in the light of evidence that the amount of mus-
cular effort decidedly contributes to perception of heaviness
(Mangalam et al. 2018a), we anticipated that the degree of
fractality in muscular activity would not predict the judg-
ments of heaviness.

Materials and methods
Participants

Seven adult men and five adult women (M +SD
age=22.0+1.7 years, 19-31 years, 11 right-handed, 1

left-handed) voluntarily participated in the present experi-
ment. Each participant signed a printed consent form with
information about the purposes of the study, the procedures,
and the potential risks and benefits of participation. The
Institutional Review Board (IRB) at the University of Geor-
gia (Athens, GA) approved the present study.

Experimental objects

Each participant wielded nine experimental objects. Each
object consisted of a dowel (oak, hollow or solid aluminum;
diameter=1.2 cm, length=75.0 cm) weighted by stacked
steel rings (4, 6, or 12 rings attached to the dowel at 20.0,
40.0, or 60.0 cm, respectively, from the grasping location;
each ring’s inner diameter = 1.4 cm, outer diameter =3.4 cm,
thickness =0.2 cm; mass =14 g). We enfolded a 15 cm long
rubber grip of negligible mass and thickness around the base
of each object to prevent a participant from cutaneously per-
ceiving the composition of the dowel while wielding. Each
object expressed a distinct moment of inertia, in terms of the
combination of eigenvalues /; and /5 (Table 1).

Experimental setup and procedure

We tested each participant in a 75-90-min session in which
(s)he performed 27 trials: 9 objects X 3 trials/object. We ran-
domized the order of presentation of the objects for each
participant. The participant stood on a designated spot and
inserted his/her right hand in a 30-cm slit through a curtain on
the right at his/her midriff height (Fig. 2). Before each trial,
the participant lifted a reference object that they later used to
report perceived heaviness of the wielded objects. We desig-
nated the mass of this object as 100 (no units) and instructed
the participants to assign heaviness values proportionally
greater than 100 to objects perceived heavier than the refer-
ence object, and heaviness values proportionally less than 100
to objects perceived lighter than the reference object. In each
trial, upon signaling ‘lift’ by the experimenter (=0 s), the
participant grasped and lifted the experimental object. After

Table 1 Experimental objects

(N=9) Object Dowel Attached rings Object parameters
Composition Length (cm) Mass (g) Mass (g) Location (cm) 7, (g cm?) I(g cm?)
1 Oak wood 75 68 168 20 153,500 3220
2 Oak wood 75 68 84 40 214,290 1500
3 Oak wood 75 68 56 60 278,850 900
4 Hollow aluminum 75 109 168 20 194,720 1190
5 Hollow aluminum 75 109 84 40 256,450 320
6 Hollow aluminum 75 109 56 60 321,770 660
7 Solid aluminum 75 266 168 20 459,850 5850
8 Solid aluminum 75 266 84 40 521,260 3290
9 Solid aluminum 75 266 56 60 586,720 3110
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Fig.2 Schematic illustration of the experimental objects and the
experimental setup (top view; the participants could not see their
right hand while wielding)

20 s (t=20 s), upon signaling ‘wield,” the participant wielded
the object about his/her wrist. After 25 s (=45), upon signal-
ing ‘stop’, the trial ended. The participant reported perceived
heaviness of the wielded object (no units) relative to the refer-
ence object. The participant then reported the perceived length
of the object by adjusting the position of a marker on a string-
pulley assembly. The experimenter registered perceived length
(in cm) on a 2-m-long scale attached to the base of the string-
pulley assembly; the readings on the scale were not visible to
the participant. We recorded EMG activities (in uV) in the
participant’s biceps brachii and flexor carpi radialis at 1926 Hz
using a Delsys Trigno™ wireless EMG system (Delsys Inc.,
Boston, MA, USA). We chose biceps brachii as its activity has

been shown to contribute to perception of heaviness (Waddell
et al. 2016; Waddell and Amazeen 2017, 2018b), and we chose
flexor carpi radialis as it is implicated in the radial deviation
of the wrist—a movement which is central to the wielding
process. We attached the sensors parallel to the muscle fibers
on the center of the muscle’s belly. We rubbed the participant’s
skin with isopropyl alcohol pads before attaching the sensors
to reduce skin impedance. We ensured the correct placement
of the sensors by asking the participant to wield a demo object
and monitoring the corresponding EMG activity on Delsys
EMGworks software.

EMG signal processing

We computed the root-mean-square (RMS) values for each
EMG signal for the entire 45.540 s window in biceps brachii
and flexor carpi radialis. We processed each EMG signal using
a fourth-order, 5 Hz high-pass filter followed by a 4th order,
20 Hz low-pass filter in MATLAB 2018a (MathWorks Inc.,
Natick, MA). We then fully rectified each EMG signal and
computed its RMS value.

Detrended fluctuation analysis (DFA)

We used detrended fluctuation analysis (DFA) to compute the
Hurst exponent, H, describing the strength of temporal cor-
relations in EMG signals for biceps brachii and flexor carpi
radialis. DFA was first developed to access the strength of
temporal correlations in a given time series (Peng et al. 1994,
1995). The DFA proceeds by finding the first-order integration
of a time series x(#) with N samples to compute the cumula-
tive sums of difference scores to produce the new time series:

N

Y0 =Y x(t) = x(0),

i=1

where % is the grand mean of the time series. Next, a linear
trend y, (¢) is fit to nonoverlapping n-length bin of y(f) and
the root mean square (RMS; i.e., averaging the residuals)
over each fit is computed. RMS over each bin size consti-
tutes a fluctuation function f(N):

N
o =Aam Y, (0 - @) .
i=1

for < N/4. On standard scales, f(IV) is a power law:

SWN)~n",

where H is the scaling exponent. The closer H is to 1, the
stronger are temporal correlations. H is estimated by loga-
rithmically scaling the previous equation:

logf(N) = Hlog(n).
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Hence, the slope of fluctuation functions in log—log plots
represents H. It is important to note that temporal corre-
lations can be present in both a time series and its first-
order derivative. The original time series are often classi-
fied as fractional Brownian motions (fBm), wherein the
first-order derivative of fBm is fractional Gaussian noise
(fGn). Accordingly, the scaling exponents of a trajectory
and its first-order derivative are denoted Heg,, and Hyg,,
respectively.

To perform DFA over fluctuations in muscular activ-
ity, we first computed the [signed] first-order derivative for
each of the [previously filtered] EMG signals for biceps
brachii and flexor carpi radialis. We then obtained the DFA
estimates of Hyg, for the unshuffled version and a shuffled
version of [unsigned] first-order derivative for each [previ-
ously filtered] EMG signal for biceps brachii and flexor carpi
radialis using the following bin sizes: 4, 8, 12,... 512.

Statistical analysis

We used linear mixed-effect (LME) models to examine vari-
ation in judgments of heaviness and length, as described
in (Singer and Willett 2003), using the “nlme” package
for RStudio (Pinheiro et al. 2018). Perceived heaviness,
H o eivea» and perceived length L., .i.q, €ach served as a
dependent variable. The logarithms of the first and third
moments of inertia (log/, and log/;), EMG activity (in uV)
for biceps brachii and flexor carpi radialis, and the DFA esti-
mates of Hy,, encoding the strength of temporal correlations
in EMG signals for biceps brachii and flexor carpi radialis
served as the predictor variables. All predictors varied trial-
by-trial within each combination of log/; and log/; specific
to the current trial’s experimental object. We describe each
model in Tables 2, 3, 4. We also used paired-samples ¢ tests
to compare the values of Hg, yielded by DFA performed
on the unshuffled and a shuffled version of the first-order

Moment of inertia and judgments of heaviness

400 Logly
® Low
@® Medium
High 1
Hperceived (no units) 300 -- _;}
duetol, &I, /‘%

200 i /‘ﬁ/f

o0 /
5 5.25 5.5 5.75 6
Logl1

Table 2 Results of linear mixed-effects models examining the contri-

bution of /; and I3 to judgments of heaviness, Hciveq» and length,
Lperceived
b SE bs4i310 p
logH eccived” ~ 108!} +1logls + (1lparticipant)
(Constant) - 0.61 0.18 —-3.42 <0.001
log/, 0.48 0.03 13.93 <0.001
logl, 0.10 0.02 5.64 <0.001
logLierccivea ~ 108! +10gl; + (1lparticipant)
(Constant) - 1.20 0.08 —2.64 <0.001
logl; 0.13 0.02 7.80 <0.001
logly —-0.01 0.01 -1.38 0.079

Boldface values indicate statistical significance at p <0.05

“The values for perceived heaviness for one participant were found
to be outliers at the alpha level of 0.05 and, thus, excluded from all
analyses

derivative of EMG signals for biceps brachii and flexor carpi
radialis.

Results

Specifying variable supporting perception of length
and heaviness via dynamic touch: the moment
of inertia

Perceived heaviness, Hq;cciveq> iNCreased as the moment of
inertia increased along the x-axis (i.e., /;, p<0.001) and
along the longitudinal z-axis (I3, p <0.001) (Table 2). Per-
ceived length, Le;ceiveq> increased as the moment of inertia
increased along the x-axis (1;, p <0.001), but did not vary
with an increase in the moment of inertia along the longitu-
dinal z-axis (I3, p=0.079) (Table 2) (Fig. 3).

Moment of inertia and judgments of length

90 Logl3
® Llow
® Medium
High -
Lperceived (em) 80 -Fv;:‘
due to Ii&l3 _— "/‘II
- T./_;’:/I
o L et
P "L 1T
/ !/J-
/’J'
60
5 5.25 55 5.75 6

Logl A

Fig.3 The contribution of /; and I3 to judgments of heaviness, Hyciveq (left panel), and length, Lo civeq (right panel). We defined “low”,
“medium”, and “high” as the first quartile, median, and third quartile, respectively, of I; and /5. Error bars indicate SE across all the trials
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Table 3 Results of linear
mixed-effects models examining

b SE 12817307 P

the contribution of RMS H

~ (logl; +1ogl3) + EMG (biceps brachii) x EMG (flexor carpi radialis) + (1lparticipant)

. erceived
Eigflecs:o iifz:jteib(fve o (Constant) ~ 111886 9875  —1133  <0.001
beyond the contribution of I], logll 198.47 19.35 10.26 <0.001
and I logl, 47.32 8.76 5.40 <0.001
EMG (biceps brachii) 12.02 2.95 4.08 <0.001
EMG (flexor carpi radialis) 6.81 4.24 1.60 0.110
EMG (biceps brachii) X EMG (flexor carpi radialis) -0.22 0.33 - 0.66 0.508
Lierceivea ~ (l0gl; +1ogl3) + EMG (biceps brachii) X EMG (flexor carpi radialis) + (1[Participant)
(Constant) —-37.05 14.02 -2.64 0.009
logl, 21.84 2.80 7.80 <0.001
logls - 1.78 1.29 - 1.38 0.169
EMG (biceps brachii) -0.34 0.42 —0.81 0.421
EMG (flexor carpi radialis) -0.89 0.60 - 147 0.143
EMG (biceps brachii) X EMG (flexor carpi radialis) - 0.06 0.05 1.25 0.211
Boldface values indicate statistical significance at p <0.05
Table 4 Results of linear
mixed-effects models examining b SE 211307 P
thf(ri etflfecg of log/ ! ?ndtlolgtls, Hpereeivea ~ (l0gl, +10gl3) + Hyg, (biceps brachii) X Hyg,, (flexor carpi radialis) + (1IParticipant)
?;1 ﬂuc‘:uafgg: i‘; E;"’/‘ICGa 1y (Constant) —1471.83 535.37 -275 0.006
activity, Hyg,, on judgments of log/, 257.69 19.34 13.32 <0.001
heaviness, H . ceiveqs and length, logls 58.70 9.32 6.30 <0.001
Lperceived Hjg, (biceps brachii) 14.18 523.96 0.03 0.978
Hig, (flexor carpi radialis) 91.24 559.74 0.16 0.871
Hig, (Biceps brachii) X Hg, (flexor carpi radialis) —11.00 538.85 -0.02 0.984
Lierceivea ~ (logl; +1ogl3) + Hyg, (biceps brachii) X Hyg, (flexor carpi radialis) + (1lparticipant)
(Constant) - 192.71 72.56 —2.66 0.008
logl, 19.93 2.61 7.63 <0.001
logls -2.01 1.26 - 1.59 0.112
Hig, (biceps brachii) 152.31 71.21 2.14 0.033
Hig, (Flexor carpi radialis) 175.00 75.51 2.32 0.021
Hig, (biceps brachii) X Hyg, (flexor carpi radialis) —163.66 72.65 -2.25 0.025

Boldface values indicate statistical significance at p <0.05

Amount of muscular activity supports perception
of heaviness but not length

Above and beyond the known contributions of /; and /3, RMS
of EMG activity in biceps brachii significantly improved the
predictions for judgments of heaviness (Table 3; left panel
in Fig. 4). Specifically, H ., civeq increased with RMS of
EMG activity in biceps brachii (p <0.001). RMS of EMG
activity in flexor carpi radialis did not improve predictions
for the judgments of heaviness (p=0.110). Figure 5 (left
panels) provides a comparison of judgments of heaviness by
trial with predictions from the model for two representative
participants.

Regarding judgments of length, above and beyond the
known contributions of /; and I;, RMS of EMG activity in

neither biceps brachii nor in flexor carpi radialis improved
the predictions for judgments of length: biceps brachii
(p=0.421), flexor carpi radialis (p=0.143) (Table 4; right
panel in Fig. 4). Figure 5 (right panels) provides a compari-
son of judgments of length by trial with predictions from the
model for two representative participants.

Fractal fluctuations in muscular activity support
perception of length but not heaviness

We computed the first-order derivative of each [previously
filtered] EMG signal (Fig. 6 shows time series for a repre-
sentative EMG signal in a 2.5 s window and its first-order
derivative).
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d?MS of EMG and judgments of heaviness

40
RMS for flexor carpi radialis
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participants. The model consists of /; and /3, and RMS of EMG of biceps brachii and flexor carpi radialis

To test for the presence of fractal fluctuations in EMG
activity, we obtained DFA estimates of Hg, for each of
the unshuffled time series (N =324, 12 participants X9
objects/participant X 3 trials/object) of the first-order
derivative of EMG signals for biceps brachii and flexor
carpi radialis, along with a shuffled version for each time
series. Shuffling destroys temporal correlations in a given

@ Springer

signal. Figure 7 depicts log—log plots of fluctuation func-
tion, f(NN), vs. bin size reflecting Hyg, yielded by DFA on
the time series of the first-order derivative of EMG signals
for a trial. The values were significantly higher than the
values of Hyg, for the shuffled versions of the time series
for biceps brachii (M + SE=1.00+0.09 vs. 0.51 +0.01,
paired-samples ¢ test: 13,3 =16.78, p <0.001) and flexor
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Time series for a representative EMG signal
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Fig.6 Time series for a representative EMG signal in a 2.5 s window (top panel) and its first-order derivative (bottom panel)

carpi radialis (1.01 +0.09 vs. 0.51+0.01, #3,3=16.79,  and flexor carpi radialis (p =0.871) (Table 4; left panel in

p<0.001). Fig. 8). Figure 9 (left panels) provides a comparison of judg-
Above and beyond the known contributions of /; and /;,  ments of heaviness by trial with predictions from the model

the strength of fractal fluctuations in EMG activity in neither ~ for two representative participants.

biceps brachii nor flexor carpi radialis improved the predic-

tions for judgments of heaviness: biceps brachii (p =0.978)
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Fig.7 Log-log plots of the
fluctuation function, f{N), vs.

bin size reflecting Hg, yielded
by the DFA performed on the 14
time series for the first-order
derivatives of EMG signals for
biceps brachii (left panel) and
flexor carpi radialis (right panel) s 057
for a representative trial :
o
g 04
2
C
k=l
2-0540
1%
©
w
_1 -

Biceps brachii

Flexor carpi radialis

T
4 8 16 32

Bin size

f

400
HfGn for FCR
Low
300 Medium
Hperceived (no units) High
due to
HfGn for EMG activity,
b d i, &l
evondly & 3200
10

H Gn for EMG and judgments of heaviness

HfGn for EMG activity in biceps brachii

Fig.8 The contribution of the degree of fractality in fluctuations in

EMG activity, Hyg,, to judgments of heaviness, Hyqiveq» and length,
L

perceiveds ADOVE and beyond the contribution of /; and /5. We defined

Regarding judgments of length, above and beyond the
known contributions of I, and I, the degree of fractal
fluctuations in EMG activity in both muscles biceps bra-
chii and flexor carpi radialis significantly improved the
predictions for judgments of length (Table 4; right panel
in Fig. 8). Figure 9 (right panels) provides a comparison
of judgments of length by trial with predictions from the
model for two representative participants. Specifically,
Lerceivea increased with Hyg, for EMG activity in biceps
brachii (p =0.033) and flexor carpi radialis (p =0.021). In
addition, a significant interaction between Hg, for EMG
activity in biceps brachii and flexor carpi radialis indicated
that perceived length decreased as the degree of fractal

@ Springer
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fluctuations in EMG activity in both muscles reduced
simultaneously (p =0.025).

Discussion

We investigated the role of fractality in muscular activity in
perception of heaviness and length via dynamic touch. Our
reanalysis of EMG signals from biceps brachii and flexor
carpi radialis measured in our previous study (Mangalam
et al. 2018a) revealed that fractality in muscular activity
is associated with perception of length via dynamic touch.
Consistent with our two hypotheses, fluctuations in EMG
activity of biceps brachii and flexor carpi radialis were
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fractal, that is, H~ 1, and variation in the degree of fractal-
ity in the two muscles predicted judgments of length, but
not heaviness. Judgments of heaviness, in contrast, were
predicted by the amount of muscular effort—as measured
by RMS of EMG activity (Mangalam et al. 2018a). Our
most significant finding is that the strengths of fractalities for
biceps brachii and flexor carpi radialis contributed synergis-
tically to perceptions of length; that is, in a coupled but non-
additive fashion. We discuss the first findings as evidence
that muscular activity differentially mediates perception of
heaviness and length via dynamic touch; and the second
finding as evidence that dynamic touch reflects action and
perception at the level of synergies.

Muscular activity differentially mediates perception
of heaviness and length via dynamic touch

Our first finding that muscular effort differentially mediates
the perception of heaviness and length reflects the distinct
implications of dynamic touch for perception of heaviness
and length [see (Mangalam et al. 2018a) for a discussion].
While people can perceive the lengths of rods supported at
the other end fairly accurately by touching them with mini-
mal effort (Burton and Turvey 1990; Carello et al. 1992a),
they cannot do the same for perceptions of heaviness; at the
minimum, wielders must lift an object with force greater

or equivalent to its weight to form these perceptual judg-
ments (Waddell et al. 2016; Waddell and Amazeen 2017,
2018b, a). The present findings show that fractal fluctua-
tions in muscular activity contribute to perception of length,
regardless of the amount of muscular activity. It remains an
open question to what degree perceptions of length, width,
shape, and other affordance-relevant properties of objects
share the same fractal basis (Carello et al. 1992b; Wagman
and Hajnal 2014). Given that distinct combinations of 7,
1,, and I specify each of these dimensional properties in
perceptual judgments (Burton et al. 1990; Fitzpatrick et al.
1994; Turvey et al. 1998), the fractal fluctuations in the mus-
cular activity relevant to these perceptual judgments during
wielding (and the muscles in which they emerge) may vary
in specific, measurable ways.

Dynamic touch: action and perception at the level
of synergies

Our findings demonstrate that perception via dynamic touch
does not merely depend on the most superficial features of
movement, but may have deeper roots in the fractal geom-
etry of physiology. The finding that fractal fluctuations in the
muscular activity of biceps brachii and flexor carpi radialis
are together implicated in perception of length reflects the
synergistic basis of action and perception in dynamic touch.
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Specifically, the perceptual content for dynamic touch lies
at the level of temporal correlation in muscular activity that
is implicated in wielding specific objects (i.e., objects of
different properties), as has been noted previously (Ste-
phen et al. 2010; Stephen and Hajnal 2011; Palatinus et al.
2013; Kelty-Stephen and Dixon 2014). Accordingly, our
fractal results suggest that patterns of neural activation for
perceptual judgments may be highly interdependent across
the stages of activation of the muscles implicated during
wielding. We refer interested readers to a more extensive
review on this topic: “action and perception at the level of
synergies” (Turvey 2007). High fractality in biceps brachii
activity was relevant to perception of length when and only
when similarly high fractality in the patterns of neural activ-
ity was expressed in the activity of the flexor carpi radialis.
These results suggest an important coupling in the function
and activation of these two muscles with respect to percep-
tions of length via dynamic touch.

Our findings are a continuation of the ecological approach
that recognizes the interdependence of perceptual judgments
from the components and the flexibility with which smart
perceptual systems can spontaneously assemble using dif-
ferent anatomical components (Gibson 1966, 1979). The
ecological approach to the organization of behavior views
dynamic touch in the light of a dynamically situated neural
substrate residing over a bodywide multifractal tensegrity
(MFT) system (Turvey and Fonseca 2014; Schleip et al.
2014). Rather than attributing action and perception solely to
neural dynamics, this approach seeks to identify the patterns
of coordination in the functioning of the tensegrity struc-
tures in specific behaviors that give rise to movement and
the perceptual content with which it is coupled—that is, con-
tributions of the MFT system to neural dynamics including
but not limited to the contributions of initial mechanotrans-
duction cascades (Hajnal et al. 2018). Patterns of correlated
variability in physiological signals may reflect an ongoing
influence of the MFT system in a measurable way.

Cross-scale interactivity allows effective coupling of the
organism-environment dynamics to ecologically relevant
perceptual states responsive to the changing affordances
of the environment (Van Orden et al. 2003, 2005; Wallot
and Kelty-Stephen 2018). Accordingly, fractal fluctuations
in physiological signals find expression across all levels in
systems that show strong coupling with the environment.
The haptic [sub]modality of dynamic touch is one such
system in which the role of fractal fluctuations extends
fully throughout the perceptual process. Specifically, frac-
tal fluctuations mediate the actor’s physical interactions
with an environmentally sourced object through coupling
with the [sub]modality of dynamic touch. How movements
constitute meaning can only be understood in the con-
text of a dyadically coupled animal-environment system
characterized by nonlinear interactions across scales that

@ Springer

weave together the animal and his environment. Tensegrity
architecture in morphology is ubiquitous in natural forms;
an understanding of the co-creation of structure and func-
tion in these systems may lead to more profound insights
regarding animal-environment enmeshment.
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