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Abstract

Humans substantially outperform robotic systems in tasks that require physical interaction, despite seemingly inferior muscle
bandwidth and slow neural information transmission. The control strategies that enable this performance remain poorly under-
stood. To bridge that gap, this study examined kinematically constrained motion as an intermediate step between the widely
studied unconstrained motions and sparsely studied physical interactions. Subjects turned a horizontal planar crank in two direc-
tions (clockwise and counterclockwise) at three constant target speeds (fast, medium, and very slow) as instructed via visual dis-
play. With the hand constrained to move in a circle, nonzero forces against the constraint were measured. This experiment
exposed two observations that could not result from mechanics alone but may be attributed to neural control composed of
dynamic primitives. A plausible mathematical model of interactive dynamics (mechanical impedance) was assumed and used to
“subtract” peripheral neuromechanics. This method revealed a summary of the underlying neural control in terms of motion, a
zero-force trajectory. The estimated zero-force trajectories were approximately elliptical and their orientation differed significantly
with turning direction; that is consistent with control using oscillations to generate an elliptical zero-force trajectory. However, for
periods longer than 2-5 s, motion can no longer be perceived or executed as periodic. Instead, it decomposes into a sequence
of submovements, manifesting as increased variability. These quantifiable performance limitations support the hypothesis that
humans simplify this constrained-motion task by exploiting at least three primitive dynamic actions: oscillations, submovements,
and mechanical impedance.

NEW & NOTEWORTHY Control using primitive dynamic actions may explain why human performance is superior to robots de-
spite seemingly inferior “wetware”; however, this also implies limitations. For a crank-turning task, this work quantified two such
informative limitations. Force was exerted even though it produced no mechanical work, the underlying zero-force trajectory was
roughly elliptical, and its orientation differed with turning direction, evidence of oscillatory control. At slow speeds, speed vari-
ability increased substantially, indicating intermittent control via submovements.

constrained motion; dynamic primitives; mechanical impedance; oscillations; submovements

INTRODUCTION

Humans excel at physical interaction with objects, even
when those objects introduce complex dynamics and kine-
matic constraints. Indeed, human dexterity exceeds that of
most modern robots, despite the fact that information
transmission in the human neuromechanical system is
extremely slow, especially when compared with its robotic
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counterparts (1-3). Moreover, the human neuromotor sys-
tem is noisy (4, 5). To date, motor neuroscience has primar-
ily focused on unconstrained elementary behaviors, such
as reaching in a horizontal plane, to ensure strict experi-
mental control. Comparatively few studies have investi-
gated physical interaction with objects in the environment
that generate additional interactive dynamics (6-9). A kine-
matic constraint provides an intermediate stage between
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unconstrained (free) motion and interaction with complex
dynamics. Such constrained behaviors are ubiquitous in
everyday manipulation as exemplified by the action of
turning a steering wheel or opening a door. In fact, open-
ing a door was reported to be the most common activity of
daily living (10). This paper presents a study of unimpaired
subjects physically interacting with a circular constraint,
i.e., turning a crank.

A central challenge of behavioral motor neuroscience is to
“dis-entangle” the contributions of neural control and bio-
mechanics. Over the past decades, several robust features of
human movement have been identified. Notable examples
include Fitts’ law or the speed-accuracy trade-off (11-14) and
the speed-curvature relation or the two-thirds power law
(15-19). These studies investigated conditions with free
reaching (substantial motion, negligible force) or force exer-
tion during static postures (substantial force, negligible
motion). However, in everyday life, physical interaction fre-
quently involves both substantial motion and substantial
force. Is the control strategy adopted in physical interaction
different from free movement (20)? In recent work on kine-
matically constrained movement, we demonstrated that
when contributions from peripheral neuromechanics were
subtracted, patterns seen in free motion reemerged during
physical interaction (21).

Mechanical Impedance Provides Insight to Interactive
Tasks

When a behavior involves substantial contact, force and
motion are no longer independent variables (22). Force
exerted on an object depends not only on neural activity
but also on the object’s motion. One way to describe the
dynamics of interaction is with the mechanical impedance
operator Z{-} (23). Mathematically, impedance' is the rela-
tion between displacement and the force it evokes, a
dynamic generalization of stiffness. The force time-func-
tion F(t) can be computed from the displacement time-
function Ax(t), F(t) = Z{Ax(t)}. Displacement is defined as
Ax(t) = xo(t) — x(t), where x(t) is the hand position, and
Xo(t) is a “zero-force trajectory.” In principle, knowledge of
mechanical impedance, in combination with simultane-
ous measurement of force and motion during object
manipulation, would allow us to “subtract off” or “peel
back” peripheral biomechanics. This uncovers a summary
of one aspect of the underlying neural influences in terms
of motion,

X0 = Zfl{f} + x (1)

In practice, mechanical impedance is nonlinear and time-
varying. Measuring it during action can be achieved, but is
challenging (25-30). Moreover, measurement introduces
perturbations that may induce altered behavior. An alterna-
tive avenue, pursued here, is to approximate mechanical im-
pedance using a plausible mathematical model based on
measurements made under steady postural conditions. The
model parameters are then varied over a substantial range to
assess the sensitivity of the results to variations in me-
chanical impedance. Given this model and observations

of actual motion and exerted force, we calculated the
“zero-force trajectory.” This is the trajectory that would
have been followed if the external forces had been absent
(zero). It summarizes one consequence of neural activity
and expresses it as a quantity that may be compared with
actual motion.

Previously, we applied this method to the task of turning a
planar crank. A model of limb impedance was assumed and the
zero-force trajectory was computed (21). The zero-force trajec-
tory showed evidence of the speed-curvature relation reported
in unconstrained motion, suggesting that our approach reveals
information about neural control. However, structure beyond
that of the speed-curvature relation was also evident in those
data. The study reported here further investigated the zero-
force trajectory during crank turning, emphasizing how it var-
ied with turning direction and movement speed from fast to
very slow.

The Paradox of Human Performance—Dynamic
Primitives

Human reaction time to a visually perceived stimulus
takes 150-200 ms or more depending on the action. Given
the magnitude of these delays, the speed, agility, and preci-
sion observed in everyday activities is astonishing. Even an
activity as simple as opening a door with one hand and
maintaining a stable upright posture, and in some cases,
holding a cup of coffee in the other hand, would seem
impossible using conventional closed-loop feedback con-
trol. This is the paradox of human performance. The long
delays indicate that humans rely heavily on a predictive or
feedforward control strategy based on some internal repre-
sentation or model of the system to be controlled (31, 32).
However, it seems unlikely that humans develop a detailed
“engineering-style” dynamic model for each object they
interact with.

Mounting evidence indicates that human control is modu-
lar, composed of primitive actions (22, 33-40). Modules have
been defined in different ways and at different levels of orga-
nization. One common definition proposes patterns of pro-
portional activation of different muscle groups, i.e., synergies
(41, 42). Another definition identifies subspaces of the skeletal
configuration; confining motions to these subspaces achieves
a simplifying reduction of dimensionality (43). Primitives
have also been defined at a functional level as an action to be
performed on a specific object such as grasping or pushing
(39, 44-46).

It has been proposed that to achieve highly dynamic
and dexterous performance despite neuromechanical
limitations, human behavior is composed of dynamic
primitives (37, 47-51). These are conceived as dynamic
attractors (for example, limit-cycle oscillations) that
emerge from nonlinear interactions between neural and
mechanical parts of the system and, once evoked, require
minimal intervention from higher levels of the central
nervous system (CNS) (37, 52). In this theory, dynamic
primitives are “building blocks” of complex actions. The
parameters of these building blocks are encoded, facili-
tating human learning, performance, and retention of

'For brevity, the term “impedance” will always refer to “mechanical impedance.” The term “preflex,” introduced by Loeb et al. (24) similarly describes
interactive mechanics but is confined to passive muscle properties, a component of mechanical impedance.
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complex sKills. The primitives are simultaneously and
sequentially combined to produce force and motion. In
practice, this may be described by defining a zero-force
trajectory composed of submovements and/or oscilla-
tions interacting with impedances in a Norton equivalent
network (53).

Motivation for the Experiment

If dynamic primitives underlie physical interactions,
quantifiable limitations may be evident in human perform-
ance, from which dynamic primitives may be inferred.
Negotiating a circular constraint in a horizontal plane at con-
stant speed requires periodic motion in each degree of free-
dom, either in joint space or hand space. We, therefore,
anticipated that crank turning might preferentially be exe-
cuted as a combination of oscillatory actions (not necessarily
a superposition of Fourier components). Noncollinear sinu-
soids of the same period, but different amplitude and phase
describe ellipses, a subset of the so-called Lissajous plots.
Constant-speed circular hand motion requires sinusoidal
motions in orthogonal directions with a phase offset of +90°
depending on the direction of motion. Our previous study of
circular crank turning revealed zero-force trajectories with a
roughly elliptical shape (35). As the motions evoked by neu-
ral oscillations would lag those neural oscillations to an
extent determined by the dynamic behavior of the neurome-
chanical periphery, we expected different ellipses for
motions in opposite directions. This study examined turning
in both clockwise (CW) and counterclockwise (CCW) direc-
tions to test hypothesis 1: the zero-force trajectory describes a
roughly elliptical path that has different orientations for CW
and CCW rotations.

Despite the repeatability of the actions required to turn
a crank, imperfect execution may be anticipated due to
sensorimotor noise and/or inadequate prediction of iner-
tial dynamics and neuromuscular response. The conse-
quences of imperfect prediction of inertial dynamics and
neuromuscular response should decline (precipitously)
with decreasing speed: all inertial forces decline with the
square of speed; velocity-dependent muscle dynamics
decline in proportion to speed; therefore, slower speed allows
ample time for feedback corrections. However, rhythmic
actions with periods longer than 2 to 5 s are neither perceived
nor executed as periodic (55, 56). Previous research has shown
that slower movements, even if periodic, “break down” into a
sequence of stereotyped submovements, possibly overlapping
(33), another class of dynamic primitives. Consequently, de-
spite the dynamic advantages of moving slowly, we antici-
pated that performance would be compromised during
movements with a period substantially longer than 2-5 s. This
motivated hypothesis 2: variability of hand speed will increase
in the slowest movements.

METHODS
Participants

Ten healthy male college-age students were recruited for
the study. All participants were right-handed, and none
reported any biomechanical injury to their arm or any neu-
rological problems. Before participating in the study, they

were informed about the experimental procedure and signed
an informed consent document. The protocol was approved
by MIT’s Institutional Review Board.

Experimental Apparatus

The experiment was the same as that described in Ref. 21.
Subjects were seated and rotated a crank in a horizontal plane.
Subjects sat in a chair with a rigid back, while the shoulder
was constrained by a harness attached to the back of the chair
(Fig. 1). Subjects were positioned such that the crank, with a ra-
dius of 10.29 cm, was well within the workspace of the arm.
The upper arm was suspended by a canvas sling connected to
the ceiling; both upper and lower arms were in the plane of the
crank. During the experiment, the subject’s arm was occluded
from view by a wooden structure which did not limit the range
of motion. Speed feedback was provided on a monitor
mounted ~75 cm in front of the subjects’ eyes.

The crank is shown in the inset of Fig. 1. The crank arm was
mounted on a high-precision incremental optical encoder/
interpolator set (Gurley Precision Instruments encoder #8335-
11250-CBQA, interpolator #HR2-80QA-BRD) with a resolution
of 0.0004° per count. A six-axis force transducer (ATI Model
15/50) was attached to the end of the crank, with a handle
mounted on it. A spool managed the force transducer cable.

Data acquisition was controlled by a computer running
the QNX real-time operating system on an Intel Pentium 100
processor. The encoder, sampling at 200 Hz, was connected
to a set of counters and to the computer via digital I/O. The
ATI force transducer’s signal, sampled at 100 Hz, was proc-
essed by its embedded controller and input to the computer
through the digital I/0. This visual display was also gener-
ated by the computer and was presented on a 17-in. monitor
(311 x 238 mm, resolution 1,280 x 1,024, 76 Hz).

Handle
Handle Bearings

Force Transducer

Coupling

Encoder

Figure 1. Experimental setup showing how the subject was seated in front
of the crank. Vision of the arm and crank was occluded. The subject was
provided with real-time speed feedback on a monitor in front of them. The
wrist was braced to eliminate wrist movements, the elbow was supported
by a sling to ensure the horizontal configuration of the arm aligned with
the crank, and the shoulders were strapped to a chair. The crank provided
a circular constraint.

J Neurophysiol « doi:10.1152/jn.00082.2023 - www.jn.org 3
Downloaded from journals.physiology.org/journal/jn at EPFL Bibliotheque USD (128.179.253.225) on January 16, 2024.


http://www.jn.org

§)) SYSTEMATIC CHANGES IN THE ZERO-FORCE TRAJECTORY

Experimental Design and Procedure

Subjects were instructed to move their hand around the
circular crank with constant speed. Visual feedback on the
monitor displayed the target speed, as well as subjects’ real-
time hand speed. The horizontal axis was time, and the verti-
cal axis was speed. Target speed was displayed as a horizon-
tal line in the middle of the screen. Subjects’ speed was
estimated using a backward finite-difference algorithm. The
relation between crank motion and screen display was
rescaled for every block; the width of the screen corre-
sponded to the time of the trial, which was a function of the
desired crank speed.

At the start of the experiment, subjects familiarized
themselves by performing 20 trials at their preferred
speed, 10 trials in clockwise direction (CW) and 10 in
counterclockwise direction (CCW); each trial lasted 8 s.
Subjects were not provided any visual feedback during
this first set of trials. For the experiment proper, subjects
performed six blocks of 30 trials, each with visual specifi-
cation of one of three target speeds (slow: 0.075, medium:
0.5, and fast: 2.0 revolutions per second), in either CW or
CCW directions. The order of the speed and direction
blocks was randomized across subjects. The three speeds
were selected to cover a wide range: 0.075 rev/s was extremely
slow (required over 13 s per revolution), 0.5 rev/s was close
to subjects’ preferred speed, and 2.0 rev/s was close to the fast-
est subjects could turn the crank.

In the slow-speed conditions, each trial lasted 45 s; in
the medium-speed conditions, each trial lasted 16 s; in the
fast-speed conditions, each trial lasted 4 s. This yielded
eight turns of the crank for the fast and medium condi-
tions, but only ~3.4 turns of the crank for the slow condi-
tion. The duration of the slow-speed trials was chosen as a
compromise between acquiring adequate data and avoid-
ing subject fatigue. Seven trials in each block were “blind”
catch trials, randomly interspersed, in which visual feed-
back of the actual hand speed was removed, while the dis-
play of the target speed was retained.

Extraction of Zero-Force Trajectories

To obtain the zero-force trajectories, a simplified model of
muscle mechanical impedance was used, a linear spring and
viscous damping element with common displacement (57).
To implement this model on a two-joint arm, joint stiffness
was assumed to be a 2 x 2 symmetric matrix, independent of
configuration. Joint damping, also a 2 x 2 symmetric matrix,
was proportional to joint stiffness. The assumption of a con-
stant joint space stiffness provided a sufficient approxima-
tion of the variation of hand stiffness with position (58).
These assumptions are similar to the muscle model previ-
ously used by Flash (59), but in this case, we used a damping
term which was defined relative to the joint space zero-force
trajectory qo.>

The joint torque was defined by

1=K(qo—4q) + Bdo - q) (2)

The stiffness in units of N-m/rad was defined as

| Ku Kp|  |295 143
k=0 {Km Kzz} - [14.3 39.3} 3)
The viscous damping in units of N-m-s/rad was defined as
Bu Bp
B = . 4
{le 322} )

K;; and By; were the net shoulder joint stiffness and damp-
ing, Ky», Bys, K51, and B, were the two-joint parameters, and
K, and B,, described the elbow parameters; G was a dimen-
sionless scalar. The values for joint stiffness and damping
were consistent with those of Flash (59), such that B = BK.
The B term had units of time, consistent with a first-order
model of muscle impedance (60). A gain of G = 0.5 was used
in the slow and medium cases, and a gain of G = 1.5 was used
in the fast case. Note that the effect of the values of G on the
zero-force trajectories was further tested (see below).
Damping was derived from stiffness by multiplication by a
constant factor B, which was 0.05 s for the slow and medium
cases, and 0.1 s for the fast cases.

Dynamic equations describing the inertial mechanics of a
planar two-segment model of the upper limb constrained by
a crank are presented in APPENDIX B. The Cartesian hand posi-
tion was denoted by x = [x, y]%, the joint position was
denoted by q = [q1, ¢-]7, the crank position was denoted as 0,
and the radius of the crank was denoted as r. The crank nor-
mal unit vector n and tangential unit vector e are graphically
defined in Figure A3. Substituting Eq. 2 into Egs. 9, 10, and
11 (from APPENDIX B) yielded an expression for g:

qo=B" [M.r1 [{JM’IJT 1+ 2 e’ }F - Jq — r6(6m + bcl‘le)}
+h—-K(qo-q) +4q (5

Further explanation of this equation can be found in
APPENDIX B. Integrating Eg. 5 enabled computation of the
zero-force trajectory corresponding to a prescribed position,
velocity, acceleration, and force.

The velocity and force signals were filtered with a second-
order zero-phase-lag Butterworth filter using a cutoff fre-
quency of 10 Hz, except in the slow condition. The tangential
force in the slow condition was small in magnitude. At slow
speeds, a large number of samples with a magnitude close to
the resolution of the sensor were observed. This resulted in
artifactual step changes in the force measurements. To elim-
inate these artifacts, the tangential force in the slow condi-
tion was filtered with a cutoff frequency of 0.5 Hz, far faster
than the turning frequency of the slow task (0.075 rev/s).

Sensitivity to Impedance Assumptions

To the best of our knowledge, two-joint limb impedance
measurements during physical interaction with a constraint
have not been reported. Thus, impedance parameters were
based on unconstrained static arm stiffness and single-joint
damping measurements (61, 62). Consequently, the imped-
ance parameters, the gain term for the stiffness, G, and the
proportional damping term, B, were varied to test whether
the results were sensitive to the impedance values used to
compute the zero-force trajectory. When G and B changed,
the zero-force trajectory was expected to change. However,

?The forward kinematics of this two-link model is a unique map from joint space to hand space such that, if the joint space zero-force trajectory qg is

known, the hand space zero-force trajectory xq is also known.

4 J Neurophysiol « doi:10.1152/jn.00082.2023 - www.jn.org
Downloaded from journals.physiology.org/journal/jn at EPFL Bibliotheque USD (128.179.253.225) on January 16, 2024.


http://www.jn.org

§)) SYSTEMATIC CHANGES IN THE ZERO-FORCE TRAJECTORY

the main question was whether the dependent measures
were robust to changes in the stiffness and damping. To this
end, the dependent measure In(r)pc described below was
computed when the G and p terms were each varied over a
3:1range.

Dependent Measures

Orientation of zero-force trajectory.

In our prior work, the zero-force trajectory could be approxi-
mated by an ellipse. To quantify the orientation of an ellipse,
the choice of coordinates required care. Two potential candi-
dates are shown in Fig. 2. One choice of coordinates is the
orientation of the major axis, 0,, and the ellipse eccentricity,
€, the ratio of major and minor axis lengths. However, the
major axis orientation is not defined uniquely for an eccen-
tricity of unity and, for eccentricities near unity, the major
axis angle is expected to have a nearly flat distribution
spread over a wide range of angles. Furthermore, the distri-
bution of the major axis angle and eccentricity are expected
to be statistically dependent.

To address this concern, we used log-ratio coordinates,
shown on the right in Fig. 2. Though less intuitive (further
explanation is in APPENDIX A), they have numerical properties
better suited to statistical analysis (63, 64). The ratio of
lengths in any two fixed directions is expected to have an
approximately log-normal statistical distribution. Thus, the
logarithm of the ratio of lengths in any two fixed directions
is expected to be approximately normally distributed.
Furthermore, these distributions are expected to be statisti-
cally independent. The In(ratio) coordinates determined at a
0° and 45° angle are denoted by In(r) and In(7s).

For each subject in each speed and direction condition,
the zero-force trajectory was binned into 200 angular posi-
tion bins. The average radial position was computed for each
bin. This polar representation was used to estimate the
lengths I, I, I/, I,/ at 0° and 45°, respectively. The ratio
between [,/l, was denoted as ro and the ratio between I,//1,/
was denoted as rys, as illustrated in Fig. 2. For each subject
and each condition, In(ry) and In(745) were estimated.

Orientation and Eccentricity Log-Ratio Coordinates

In(ry) = In(ly /1),
In(r,y) = In(ly/ ly')

I
0,€= 4
Ip

Figure 2. Two possible sets of coordinates: ellipse major axis orientation 0,
and eccentricity e (left); log-ratio coordinates (right). 8, is poorly defined
when € approaches unity. The log-ratio coordinates alleviate this problem.
The length measures, which compose the log-ratio coordinates are /, , I/,
I,/. The subscripts x and y denote two orthogonal directions. The prime
denotes the orientation of the x axis such that the first was as 0° and the sec-
ond was at 45°. Then, ro was defined as /I, and r45 was defined as 1,/

However, the two dependent measures In(ry) and In(rys)
in the illustration were based on arbitrary choices of the ref-
erence angle. Therefore, principal component analysis (PCA)
was performed to identify the coordinate that explained the
most variance (see Fig. 6). This was justified because each
log-ratio coordinate was expected to be statistically inde-
pendent. To test hypothesis 1, In(r)pc served as the dependent
measure for statistical analysis. A significant difference in
this single coordinate was sufficient to identify a difference
between the zero-force trajectories in different conditions.

Variability of hand speed.

To quantify the variability of hand speed, the crank velocity
data from all trials within a speed and direction condition
were binned into 200 position bins. In each bin, the coeffi-
cient of variation (CV) of hand speed was computed (stand-
ard deviation divided by the mean). Then the average of this
metric across bins served as the second dependent measure
for statistical analysis.

Statistical Analysis

All statistics were performed in MATLAB (v. 2022 b, The
MathWorks, Natick, MA). To quantify the influence of speed
and direction, a linear mixed model was used; it was then
tested using analysis of variance (ANOVA). The linear model,
which represented the observed dependent measure Y,
was expressed as

Yijk =Wy + o + B + v, + (aB);x + (ov);, + (BY)es
+ (@BY)jks + Eigra (6)

where the grand mean is ur, the fixed effect of speed is «;,
where j is an index from 1 to 3, the fixed effect of direction is
Br, where k is an index from 1 to 2, and the random effect of
subject is y;, where [ is an index from 1 to 10. For the first de-
pendent measure, In(7)pc, the stochastic sampling effect was
E; ., where i is an index from 1 to 22 (representing the num-
ber of trials excluding the first trials and the 7 catch trials).
For the second dependent measure, the CV of speed, the
index i was 1. This was because computing the CV over bins
included all individual trials. The significance level was set
to 5% for all statistical tests. Paired sample ¢ tests were car-
ried out to further interpret the results of the ANOVA.
Significance values of post hoc tests were adjusted using the
Sid4k-Bonferroni procedure, where the original significance
level was defined as o = 0.05, the number of ¢ tests was m,
and the corrected Siddak-Bonferroni significance values
were: ogp =1 — (1 - OL)I/m.

RESULTS
Variation of Force and Motion

Despite instructions and the availability of continuous vis-
ual feedback, movement speed fluctuated, displaying a sys-
tematic pattern with respect to crank angle in all three speed
conditions (see Fig. 3). At the same time, the force normal to
the constraint was also nonzero, again displaying a system-
atic pattern with respect to crank angle. To explore the possi-
ble cause of these patterns, we combined these observations
by computing the zero-force trajectories.
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Figure 3. Mean and standard deviations of hand speed (blue solid line)
and normal force (green solid line) versus crank angle for all subjects. The
shading indicates 1 standard deviation from the mean. Data are from the
clockwise (CW) direction trials. Systematic fluctuations in speed and force
were observed with respect to crank position. Note the different scales on
the ordinates.

Zero-Force Trajectory Orientation

A zero-force trajectory from one representative subject
in each direction and speed condition is presented in
Fig. 4. To provide a sense of the data across all subjects,
the average zero-force trajectory for each subject binned
by position, in each direction and speed condition, is
presented in Fig. 5. From these two figures, it is clear that
1) the trajectories were approximately elliptical for all
three speeds, although to a varying degree; 2) the shapes
displayed a clear difference of orientation between the
two directions; and 3) there was a consistent pattern of
speed fluctuations along the path with respect to crank
position.

To quantify this difference in ellipse orientation, the
ellipse was quantified by parameters in log-ratio coordinates
(see METHODS) and presented in Fig. 6. Despite the variability
of the data, the difference between CW and CCW directions
is visually evident. The mean + SD of In(r)pc in the CW condi-
tions were 0.098 = 0.12 (slow), 0.23 = 0.15 (medium), and
0.58 * 0.07 (fast) and in the CCW conditions were —0.21 =
0.16 (slow), —0.27 = 0.19 (medium), and —0.45 = 0.09 (fast).

The parameter averages of In(r)pc are displayed in Fig. 6
(bottom left). Statistical analysis of In(r)pc revealed a signifi-
cant interaction between speed and direction (F;0180 =

106.388, P < 0.001) together with a main effect of speed
(F2.0’9.0 = 6.062, P = 0.006), and direction (Fl.o’g.() =
212.879, P < 0.001). For each speed, post hoc pairwise ¢
tests were performed between the CW and CCW directions.
A significant difference between directions was observed
in all three cases: slow (P < 0.001, agp = 0.017), medium
(P < 0.001, agip = 0.017), and fast (P < 0.001, asp = 0.017).

The original data are displayed in the lower left of Fig. 6.
To clarify the effect of direction, the CCW data were reflected
along the In(r)pc in the lower right figure. After reflection, a
significant main effect of speed (F».0,0.0 = 106.388, P < 0.001)
and a significant interaction between speed and direction
(F2.018.0 = 6.0622, P = 0.006) were detected. This reflection
of the CCW about the In(7) and In(r,s) axes showed the simi-
larity of behavior in both CW and CCW directions. These
results support hypothesis 1.

Orientation—Sensitivity Analysis

The zero-force trajectory is a construct derived from our
experimental observations based on several assumptions
combined with parameter values from the published liter-
ature. To assess the sensitivity of this construct to the
assumptions used to compute it, key parameters of the
model were varied over a 3:1 range. A linear time-invariant
first-order model of mechanical impedance was assumed,
with damping proportional to the assumed stiffness.
Values for the gain term G were [0.25, 0.50, 0.75] (slow and
medium), and [0.75, 1.50, 2.25] (fast); values of the propor-
tionality constant p were [0.025 s, 0.05 s, 0.075 s] (slow and
medium), and [0.05 s, 0.1 s, 0.15 s] (fast). As anticipated,
when the impedance was varied, the zero-force trajectory
changed. Nevertheless, the differences in ellipse orienta-
tion between conditions remained when the impedance
parameters were varied (see Fig. 7). Hence, the orientation
of the zero-force trajectory was not sensitive to the particu-
lar values of stiffness and damping; the observed results
were robust.

Variability of Hand Speed

The variability of hand speed, measured by the coeffi-
cient of variation CV, is presented in Fig. 8. Hand speed
variability was significantly higher at the slow speed com-
pared with the faster two speeds. Statistically, the mean
CV in the CW conditions was 0.26 * 0.06 (slow), 0.13 = 0.02
(medium), and 0.11 # 0.03 (fast). The mean CV in the CCW
conditions was 0.28 = 0.06 (slow), 0.16 = 0.02 (medium),
and 0.11 £ 0.02 (fast). A significant interaction between
speed and direction (F5.015.0 = 3.489, P < 0.038) together
with a main effect of speed (F,.0,9.0 = 116.076, P < 0.001)
and direction (F10,0.0 = 5.755, P < 0.014) were detected.
Note that the effects of direction and the interaction,
though significant, were visibly weaker than the influence
of speed. For each direction, post hoc pairwise ¢ tests were
performed between adjacent speeds. A significant differ-
ence was detected between the slow and medium speed
for both CW (P < 0.001, agp = 0.013) and CCW (P < 0.001,
agrp = 0.013) directions. A significant difference was also
detected between the medium and fast speeds in the CW
(P = 0.003, agip = 0.013) and CCW directions (P < 0.001,
osID = 0013).

6 J Neurophysiol + doi:10.1152/jn.00082.2023 « www.jn.org
Downloaded from journals.physiology.org/journal/jn at EPFL Bibliotheque USD (128. 179 253.225) on January 16, 2024.


http://www.jn.org

Y-Position (m)

Y-Position (m)

§)) SYSTEMATIC CHANGES IN THE ZERO-FORCE TRAJECTORY

Slow, CW
e}
0.1 - 08 9
/ &
0.6 o
0 I
04 ®
£
-0.1 - 0.2 §
0
0.1 0 0.1
Slow, CCW
0.1
0
0.1

0.1 0 0.1
X-Position (m)

0.1

0.1

Medium, CW

-

-0.1 0 0.1
Medium, CCW

0.1 0 0.1
X-Position (m)

0.1

0.1

Fast, CW

-

0.1 0 0.1
X-Position (m)

Figure 4. One representative trial from one subject in the slow, medium, and fast speed conditions (from left to right). Top: clockwise direction trials
(CW); bottom: counterclockwise direction trials (CCW). The paths defined by the constraint are shown by the black dashed circle. The zero-force trajecto-
ries are shown by lines with varying color that indicates speed along the zero-force path (normalized by its range). Importantly, the zero-force trajectory
is roughly elliptical for all speeds and its orientation differs with direction.

DISCUSSION

Kinematically constrained motion presents an intermediate
step between widely studied unconstrained motions, such as
reaching and pointing, and sparsely studied physical interaction
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with dynamically complex objects. Several works have investi-
gated crank turning from a variety of perspectives including
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early descriptive studies (65), optimal control studies with mus-
cle-level modeling (66-70), studies that investigated minimizing
muscular effort (71), or summarized muscle behavior as an
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Figure 5. The average zero-force trajectories binned over angular position for each of the 10 subjects in the slow, medium, and fast speed conditions
(from left to right). Top: clockwise direction trials (CW); bottom: counterclockwise direction trials (CCW). The path defined by the constraint is shown by
the black dashed circle. The zero-force trajectories are shown by lines with varying color that indicates speed along the zero-force path (normalized by

its range).
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impedance (21, 35), studies that looked at bicycle pedaling (72),
as well as studies in robotics that tested different controllers for
these task demands (73, 74).

A Single Measure of Force and Motion Control: The
Zero-Force Trajectory

To understand the interaction with a kinematic constraint,
our approach was to estimate an underlying zero-force trajec-
tory. The zero-force trajectory is a construct based on measured

Speed (rev/s)

force and motion, combined in a model of peripheral neurome-
chanics. It allows us to “peel back” the peripheral neurome-
chanics to uncover one consequence of the underlying neural
commands; that consequence is expressed in terms of motion.
The zero-force trajectory is similar to, but distinct from, the vir-
tual trajectory of the equilibrium-point hypothesis (75-77). The
virtual trajectory was postulated to be encoded in neural com-
mands descending from the higher CNS to the periphery.
However, the forward-path dynamics from the neural input to
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Figure 8. Coefficient of variation (CV) of hand speed for the different
movement speeds. Error bars indicate the standard deviations between
subjects. Blue lines indicate the clockwise trials (CW), red lines indicate
the counterclockwise trials (CCW).

the actual motion is, in general, quite different from the inter-
active dynamics (mechanical impedance) used to construct the
zero-force trajectory. For example, the classical paper by Gasser
and Hill (78) showed that interactive behavior, characterized
by a muscle’s response to abrupt shortening, exhibited first-
order dynamics. In contrast, the forward-path dynamics of
muscle, typically characterized by its isometric twitch response
to electrical stimulation of an alpha motoneuron, exhibits dy-
namics of at least second order (79). Because of differences in
neural transmission delays and other dynamic effects (e.g., ex-
citation-contraction coupling) between forward-path dynamics
and interactive dynamics, the zero-force trajectory may differ
substantially from the virtual trajectory. That was the main
finding of the study by Gribble et al. (80). The zero-force
trajectory is an objective observation defined by measure-
ments of hand force and motion, combined with an experi-
mental estimate of interactive dynamics. In combination
with a reasonable model of peripheral neuromechanics,
the zero-force trajectory is a way to interpret measured
force and motion.

This study revealed a statistically significant difference in
orientation of the zero-force trajectory between the CW and
the CCW conditions, consistent with hypothesis 1. The ration-
ale behind this hypothesis was that turning a crank with a
two-joint arm might be executed using oscillatory primitives.
Constant-speed circular hand motion requires sinusoidal
motion in orthogonal directions with a phase offset of +90°
(depending on direction, CW vs. CCW). However, the oscilla-
tory zero-force trajectory required to produce this motion
would have to lead hand motion by an extent determined by
the slow dynamic response of the neuromechanical periphery
interacting with the inertia of the skeleton. That lead in time
would manifest as a lead in phase that differed in opposite
turning directions, and that would result in different perform-
ance in CW and CCW crank turning, just as we observed.

Consider a zero-force trajectory with two orthogonal com-
ponents, xo and Vo, constructed from two out-of-phase

sinusoids with the same frequency, Q, same magnitude A,
and a phase difference, ¢

{ xo = Asin(Q)

: (7)
yo = Asin(Qt + )

A perfect circle can be drawn in the CW or CCW direction
with a phase difference of +90° (see APPENDIX C). However,
slow peripheral neuromuscular dynamics interacting with
skeletal inertia would require the zero-force trajectory to
move ahead of the actual trajectory, contributing an addi-
tional phase difference. Moreover, because of the anisotropy
of skeletal inertia and neuromuscular impedance, the mag-
nitudes of the two sinusoidal components of the zero-force
trajectory would differ. This would result in zero-force trajec-
tories with elliptical shapes that are oriented differently for
CW and CCW motions—just as we observed. The medium
and fast speed behaviors strongly support this argument,
implying that control may use oscillatory primitives.

Variability of Hand Speed: Evidence for Submovements

In our experiment, the standard deviation of hand speed
declined monotonically with turning speed, being smallest at
the slowest speed (21). However, while the coefficient of varia-
tion of hand speed was largely similar between the fast and me-
dium speeds (both with periods less than 2 s), it increased
significantly at the slowest speed (period of 13.3 s). For more
than 100 years, researchers have documented movement inter-
mittency, the inability to move smoothly and continuously dur-
ing slow cyclical movements (13, 81), slow discrete movements
(33, 82-85), goal-directed movements (86), and saccadic eye
movements (87). In addition, studies with patients with stroke
during rehabilitation have documented “fragmented” move-
ments composed of highly stereotyped submovements (88, 89).
This is vastly different from comfortably paced human reaching
movements, which are usually smooth and follow a minimum-
jerk trajectory (90). Consistent with these previous findings, the
increased variability in the current trajectories likely reflects the
emergence of component movements, or submovements.

An oscillation could, in theory, be a composite of opposite-
direction submovements. However, physiological evidence
indicates that this is not the case (36, 91). A well-documented
observation in human psychology and motor control is that
when the period of a rhythmic action® is longer than 2 to 5 s, it
can no longer be perceived nor executed as periodic (55, 56).
Slower movements, even if periodic, “break down” into a
sequence of stereotyped submovements (33). These submove-
ments may have limitations, e.g., amplitude, duration, and a
minimum “refractory period”—time between initiation of ad-
jacent submovements. Production of constant speed motion,
with intermittent control, would require submovements to
overlap (92, 93). As movement slows, the refractory period
and minimum submovement duration make constant-speed
motion impossible and individual submovement peaks
appear. This causes greater variability at slow speeds, a quan-
tifiable limitation of human behavior that may account for
the increased fluctuations we observed in the slow-motion
condition.

3In this context, consistent with the definitions in Refs. 48 and 49, “rhythmic” is a category encompassing several variations and degrees of strict

periodicity.
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Limitations

The zero-force trajectory is an estimate based on a number
of assumptions. It assumes a model of neuromuscular dynam-
ics that is 1) time-invariant, 2) first-order, and 3) linear. All of
these assumptions are demonstrably incorrect, but they serve
as a first workable approximation. The analysis also assumes
that stiffness and damping are 1) connected with a specific to-
pology,* 2) symmetric, and 3) proportional, and 4) that the
same values of stiffness and damping may be applied to all
subjects. Given the highly approximate nature of these
assumptions, the regularity of the patterns that emerged is
striking. Unlike Gomi and Kowato (94) showed for a reaching
movement, the path of the zero-force trajectory that emerged
in this study is “close” to the actual hand path. In particular,
the effect of turning direction was observed even when the
parameter G and the relative magnitude B of stiffness and
damping were each varied over a 3:1 range.

One aspect of the assumed topology worth emphasizing
is that the neuromuscular mechanical impedance has a
well-defined zero. That allows the apparent behavior to be
described as a Norton equivalent network. The Norton
equivalent network is agnostic as to whether the apparent
impedance results from a complete or a partial contribu-
tion from intrinsic biomechanics or neural feedback such
as reflexes (53).

Experimentally, Mussa-Ivaldi et al. (58) observed that a
constant joint space stiffness provided a good approximation
of the variation of hand stiffness with limb configuration. In
this work, a constant joint space stiffness was used to esti-
mate the zero-force trajectory. Note that, by definition, a
stiffness that depends only on configuration (and not
motion) results in the same stiffness at each crank position
regardless of turning direction. Furthermore, the inertial
model was the same in both directions and cannot account
for the observed differences (21).

Prior investigations have extracted submovements from
free reaching movements with relatively short durations
(33, 95-98). Others have examined tasks with longer dura-
tions, but assumed more structure, e.g., durations and
onset times of the fitted basis function location (92). This
work did not extract submovements from the zero-force
trajectory estimates because without knowing the parame-
ters of each submovement a priori for long data sets, the
problem is computationally ill-posed. Furthermore, in the
experiment, there was no evidence of stopping, not even
in the slow case, making the identification of submove-
ments challenging. The assumption of basis function,
onset time, in combination with impedance parameters
needed for this analysis were beyond what we could rea-
sonably justify. Therefore, submovements were only dis-
cussed in the quasi-static case, which was too slow for
oscillatory control.

Implications for an Account by Dynamic Primitives

While our observations are consistent with control based on
a composition of underlying oscillations and submovements,
we cannot rule out alternative explanations. Moreover, while
we refer to these as dynamic primitives, we provide no direct

evidence of their dynamic nature. A zero-force trajectory com-
posed of oscillations and/or submovements provides a parsi-
monious, even elegant account of our observations. The zero-
force trajectory is a coherent explanation of substantially non-
zero normal forces, even though they did not contribute to
mechanical work. It shows that patterns of force and velocity
are clear with respect to configuration, but not time.

While our results are consistent with dynamic primitives
in the production of kinematically constrained motions,
they also presented a puzzle. Very slow speed behavior can-
not be executed by oscillatory dynamic primitives, yet even
the slow condition exhibited a feature easily explained by os-
cillatory primitives—direction dependence. The slowest
speed, 13.33 s per revolution was quasi-static by any reasona-
ble definition of the term (21). In that case, all inertial effects
were negligible, as were any delays in the neuromuscular dy-
namics. What might account for the observed direction de-
pendence at the slowest speed? One possibility is that the
CNS develops some form of geometric representation of the
behavior and uses it to generate a nominal slow-speed zero-
force trajectory that serves as a target for feedback correc-
tion. Combined with an error threshold below which no
action is taken, this may result in intermittent control, mani-
fest as a sequence of submovements and resulting in an ele-
vated coefficient of variation of hand speed (33, 92). The
validity of these speculations is a topic for future study.

The existence of dynamic primitives does not preclude fur-
ther organization or simplification at higher levels. However,
higher-level goals may be constrained by these lower-level
primitives. This may explain why humans do not globally
minimize energy during crank turning (71) and why they fall
into a rhythm, even when trying to hit a target in a sequence
of throws (99).

Conclusions

This study examined kinematically constrained motion as
an intermediate step to bridge the gap between unconstrained
motions and physical interaction with dynamically complex
objects. We investigated the detailed patterns of motion and
force that human subjects exhibited when performing a sim-
ple constrained-motion task, turning a circular crank. Turning
the crank in both CW and CCW directions at different speeds
exposed several “artifacts” that could not result from mechan-
ics alone. The zero-force trajectory displayed clear differences
in orientation when turning in different directions. This is
consistent with control using oscillatory primitives to generate
an elliptical zero-force trajectory. However, when the oscilla-
tion period became longer than 2 to 5 s, motion became highly
variable, probably giving rise to submovements. This reinfor-
ces previous observations (33) of a transition from smoothly
rhythmic to intermittent control as actions slow.

Using dynamic primitives may allow humans to “work
around” the shortcomings of their slow muscles and neural
communication to perform complex physical interaction
tasks. However, the advantages of this approach imply con-
comitant disadvantages. An elliptical zero-force trajectory
that does not coincide with the circular constraint results
in nonzero normal force applied to the crank (21). This
was observed even at the slowest speed when dynamic

“In this context, “topology” refers to how the stiffness and damping are connected in the model. See APPENDIX D for discussion.
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Figure A1. Graphical illustration of how the log-ratio coordinates
change as the ellipse varies. The magnitude of the vector [In(rp), In
(r45)]7varies with ellipse eccentricity while its direction varies with major
axis orientation.

effects were negligible and there was ample opportunity
for feedback correction. This reinforces recent reports
that human subjects interacting with a robot cannot sup-
press a dependence of interaction force on motion, even
with visual feedback and opportunity to practice and
learn (22, 100, 101). These limitations are important to
understand the interaction between humans and the
devices we develop, from complex robotic systems to sim-
ple handheld tools.

APPENDIX A: COORDINATE CHOICE

The ratio of major to minor axis lengths of the zero-force
trajectory, especially in the slow condition, approached
values close to unity (Fig. Al). When eccentricity is unity,
the major axis orientation is not defined uniquely. For ec-
centricity close to unity, the distribution of major axis ori-
entation is relatively flat and spread over a wide range of
angles. This was the primary motivation for using the log-
ratio coordinates. Figure Al illustrates how the less intui-
tive log-ratio coordinates correspond to ellipse shape and
orientation. The key point presented in Fig. Al is that the
magnitude of the vector [In(ro), In(r4s)]” varies with ellipse
eccentricity while its direction varies with major axis ori-
entation. The choice of log-ratio coordinates allowed
investigation of slow conditions, a case where several sub-
jects produced zero-force trajectories with an eccentricity
close to unity. This was not previously possible when the
eccentricity and major axis orientation coordinates were
used (35).

APPENDIX B: MODELING A TWO-LINK
MANIPULATOR COUPLED TO A CRANK

The arm was modeled as a two-link planar serial link-
age, with no gravitational or frictional effects. Inertial
parameters were estimated based on the cadaver studies
of Dempster (102, 103). The shoulder joint was located at

the thorax, which was assumed to be stationary. The
model of the arm and crank system was constructed in
the same manner as in Ref. 68. Model details including
subject-specific inertial parameters are presented in the
appendices of Ref. 21. Figure A2 displays the variables
and notation used in the development of the model. The
system has one degree of freedom; therefore, there is
always a kinematic relation to transform from Cartesian
position, x = [x, y]%, to joint position, q = [q;, ¢2]7, and to
crank position, 6, where the center of the crank was
defined as x. = [x., y.].

hC1 + 12C12:| |: rCcos

i x, (8)
hS1 + bLSp

rsin 0

The notations Sy, C; denote sin(q), cos(qi), and S;,, Cy
denote sin(q; + @»), cos(qi + ¢»). The radius of the crank
is 7, the damping of the crank is b, and the inertia is I.
The upper arm is denoted by 1, and the forearm denoted
by 2 are described by length [, l,, mass m;, m,, inertia
about the z axis I, I, and center of mass distance from the
joint axis c;, ¢,. The force on the handle is F = [Fx,Fy]T,
with the normal unit vector, m and tangential unit vec-
tor, e. The joint torque is denoted by t = [11,15]7. The
crank velocity is denoted § and the crank acceleration is
denoted 6.

From the sum of moments acting on the crank,

10 + b6 =re'F 9)
summation of moments about the shoulder,

Mg +h=<-JF (10)

and the kinematic relation that equates the acceleration at
the handle to the acceleration at the hand,

i=Jq + Jq =r(be— 0’n) (11)

a model of the system could be constructed. Parameters
comprising these equations include the mass matrix of a
two-link manipulator M(q), the centrifugal and Coriolis
forces h(q, q), and the Jacobian relating unconstrained dif-
ferential arm motions to hand motions, J(q).

Figure A2. Model of crank rotation task that displays the sign convention
and notation used in the computations.
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APPENDIX C: ELLIPSE PHASE mi = k(xo —x) + blio —x) (14)

Trajectories resulting from two sinusoids in orthogonal
orientation are shown in a so-called Lissajous plot. The
ellipse resulting from changing the phase between two sinu-
soids with the same amplitude and frequency are displayed
in Fig. A3. To draw a perfect circle, a £90° phase shift
between the two sinusoids is required, with the sign generat-
ing different directions (denoted by black arrows in Fig. A3),
CW or CCW. However, the limb dynamics add phase, thus
different zero-force trajectories as in the II and III quadrants
are observed for the CW and CCW directions, respectively.

APPENDIX D: TOPOLOGY

A model of upper-limb impedance often includes a stiff-
ness and a damping term. However, unlike stiffness, which
is usually defined as a displacement relative to the zero-
force trajectory, damping can be defined relative to either
the zero-force trajectory or to a constant velocity, often zero.
The choice of this reference fundamentally changes the
transfer function. Consider two simple linear mass spring
damper systems. With damping relative to zero velocity,

mi = k(xo — x) + bx (12)

we can take the Laplace transform and solve for the transfer

function,
X(s) k

Xo(s) ms® + bs + k

(13)

With damping relative to the zero-force trajectory, velocity
is displayed graphically in Fig. 3. From the equation of motion,

we can take the Laplace transform and solve for the transfer
function,
X(s)  bsH+k
Xo(s) ms® + bs + k

(15)

To the extent that apparent neuromuscular mechanical im-
pedance arises from muscle mechanics and/or reflex feedback,
it cannot be referenced to any “nonlocal” variable, it must be ref-
erenced to a nominal neurally defined motion, not to “ground.”
Furthermore, this example shows that when the damping is
defined relative to the zero-force trajectory, a dynamic zero is
added to the system. McIntyre and Bizzi (105) found that damp-
ing relative to the zero-force trajectory enhances the control-fol-
lowing ability of the limb during single-joint movements. In
addition, muscle spindles actively provide feedback about a
change in position and velocity of the muscle. Damping relative
to the zero-force trajectory is consistent with muscle spindle
physiology and was used in the subsequent calculations.

DATA AVAILABILITY

Code: https://www.doi.org/10.5281/zenodo.10059509. The code
is also available on at github at: https://github.com/jameshermus/
crankTurning-dynamicPrimitives.

Data: https://www.doi.org/10.5281/zenodo.10059389.
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