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A synergistic behavior underpins human hand grasping force control
during environmental constraint exploitation
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Abstract— Despite the complex nature of human hands,
neuroscientific studies suggested a simplified kinematic control
underpinning motion generation, resulting in principal joint
angle co-variation patterns, usually called postural hand syn-
ergies. Such a low dimensional description was observed in
common grasping tasks, and was proven to be preserved also
for grasps performed by exploiting the external environment
(e.g., picking up a key by sliding it on a table). In this paper, we
extend this analysis to the force domain. To do so, we performed
experiments with six subjects, who were asked to grasp objects
from a flat surface while force/torque measures were acquired
at fingertip level through wearable sensors. The set of objects
was chosen so that participants were forced to interact with
the table to achieve a successful grasp. Principal component
analysis was applied to force measurements to investigate the
existence of co-variation schemes, i.e. a synergistic behavior.
Results show that one principal component explains most of
the hand force distribution. Applications to clinical assessment
and robotic sensing are finally discussed.

I. INTRODUCTION

The human hand is a very complex biomechanical system,
with high capabilities in terms of dexterity and force control.
However, the Central Nervous System (CNS) seems to deal
with such a complexity by leveraging on dimensionality
reduction strategies. Indeed, several neuroscientific studies
reported on an underlying low-dimensionality control, typ-
ically referred to as symergies, which can be observed at
different levels, e.g. kinematic [1], muscular [2], and neural
[3]. From a kinematic point of view, while a lot of effort
has been devoted to describing the synergistic control that
modulates hand movements during grasp [1], the relationship
between postural hand synergies and contact force distribu-
tion and how the interaction with the external environment
shapes synergistic control is still debated [4], [5], [6]. In a
previous work we studied how kinematic synergistic control
is modified when the hand interacts with the environment to
grasp an object [5], and proposed a consequent unsupervised
clustering of principal hand approaches [7]. in this paper we
further extend this analysis to the force domain. Our analysis
is based on force and torque (F/T) measurements at fingertip
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Fig. 1. First force synergy for the three fingers. In blue the contact phase, in
red the flight phase. On the right-bottom, in top table we report the numerical
values of the first synergy in the contact phase while in the bottom table
we report the values for the flight phase. Each row refers to one finger,
each column refers to the direction. Please note that all coefficients are
dimensionless.

level for thumb, index and middle fingers during grasping
of a set of objects from a flat surface, and uses Principal
Component Analysis (PCA) to identify the principal force
directions or synergies. This investigation is motivated by
the need of developing new tools for the evaluation of phys-
iological and pathological behavior in object grasping and
manipulation. More specifically, some pathologies such as
stroke can alter subject grasping capabilities in everyday-life,
eventually resulting in different synergistic behavior in force
distribution. At the same time, the study reported in this work
could inspire simplified sensing guidelines for robotic hands
and prostheses. The latter point is particularly important
when considering soft robotic devices, which deform with
the environment as humans actually do.

II. MATERIALS AND METHODS

Experiments - We asked six able-bodied, right handed
volunteers (three females; age 25.17 &+ 2 years) to reach and
grasp objects, which were a set of 21 items suitably selected
to force the interaction with the environment (a complete
list, here omitted for the sake of space, can be found in [5]).
Each finger was endowed with a ThimbleSense [8], which
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Fig. 2. In the top graph we show an ideal plot of signal presence on table
sensor (1 if over a treshold, O otherwise), while in the bottom graph we
report the analogous for ThimbleSense recordings. We identify two main
regions of interest for our analysis: (A) in which the hand is in contact with
the table; (B) in which the hand has lifted the object.

consists of two rigid shells assembled around a force and
torque sensor, allowing to retrieve contact point information
through Intrinsic Tactile Sensing. For each trial, participants
were asked to reach and grasp the object placed at the center
of a flat surface, lift and hold it for one second, then put it
back on the table. Two trials were performed for each of the
21 objects.

Pre-Processing - We extrapolated two ranges of interest
from the whole task execution: (A) in which the hand is in
contact with the table and (B) in which the hand has lifted
the object (see Fig. 2). Regarding phase (A), during which
the interaction with the object has the goal of obtaining a
stable grasp, we analyze the last five frames, which contain
information on the force exchange immediately before lift.
These F/T vectors are then averaged to get a single vector
for each acquisition. Regarding phase (B), we extract a
single F/T vector as mean between all the frames. With this
procedure we extrapolate, for each task, for each subject
and for each experimental phase (A,B), one representative
F/T vector € R™, containing 3D forces at fingertip level.
Note that, although we recorded forces and torques during
the experiments, for the analysis we used only the force
components (i.e. m = 9), since the torques appear to be
negligible w.r.t. the forces.

Data Analysis - For each experimental phase (A,B), we
collected the F/T vectors in a matrix X4 p € R™™, where
n = 252 is the number of trials. Principal Components
(PCs) are calculated as eigenvectors of the covariance matrix
S=XapXY 5—pu’, where i = mean(X 4 p). The vari-
ance explained by each PC is calculated as the normalized
corresponding eigenvalue.

III. RESULTS AND DISCUSSIONS

Principal Component Analysis (PCA) on the two ex-
perimental phases shows that one predominant Principal
Component exists and explains over the 60% of the total
dataset variability (see Fig. 3). In Fig. 1 we plot the first
PC as direction of forces insisting on thumb, index and
middle fingers (in blue the contact phase (A), in red the
flight phase (B)). As expected the first PC appears with a
strong dominance of direction along the axis normal to the
fingertip surface. What is noticeable is that the coordination
between fingers appears maintained in both the experimental
phases, with slight variations mainly on index and middle
finger probably due to the effect of the object weight.

These results suggest that a coordination between finger
forces exists in grasping tasks, and that this behavior is
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Fig. 3. Variance explained by each PC. In blue the contact phase, in red
the flight phase. A predominant first synergy explaining more than the 60%
of the data can be observed in both phases.

preserved also in case of interaction with the environment.
This hypothesis is further confirmed by the fact that the first
PC plays a crucial role in explaining the force distribution,
with an explained variance higher than 60% in both the
experimental cases. We believe that these finding could be
used to develop new assessment procedures, e.g. in post-
stroke patients, where the pathology could alter the synergis-
tic behavior thus resulting in different principal components.
At the same time, the co-variation in force distribution could
be employed to suggest optimal sensing strategies for soft
robotic hands, that deform as human hands actually do ,
when constraints on the number and quality of sensors are
present, similarly to what was done in [9] for kinematic
under-sensing techniques of hand poses relying on postural
synergies.
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