
Chapter 8
Human Grip Responses to Perturbations
of Objects During Precision Grip

Michael De Gregorio and Veronica J. Santos

Abstract Grasp stability of a precision grip requires fine control of
three-dimensional fingertip forces. This chapter begins with a review of the lit-
erature on how precision grip forces are affected by intrinsic object properties,
anticipation, load direction, and sensory feedback. Previous studies have estab-
lished that reactive, initial increases in grip forces (pulse-like ‘‘catch-up respon-
ses’’ in grip force rates) are elicited by unexpected translational perturbations and
that response latency and strength scale with the direction of linear slip relative to
the hand as well as gravity. To determine if catch-up responses are elicited by
unexpected rotational perturbations and are strength-, axis-, and/or direction-
dependent, we imposed step torque loads about each of two axes which were
defined relative to the hand: the distal-proximal axis away from and towards the
palm, and the grip axis which connects the two fingertips. First dorsal interosseous
activity, marking the start of the catch-up response, began 71–89 ms after the onset
of perturbation. Onset latency, shape, and duration (217–231 ms) of the catch-up
response were not affected by axis, direction, or magnitude of the rotational per-
turbation, while strength scaled with axis of rotation and slip conditions. Rotations
about the grip axis induced rotational slip at the fingerpads and elicited stronger
catch-up responses than rotations about the distal-proximal axis. The chapter
concludes with a discussion of this study that, to our knowledge, is the first to
investigate grip responses to unexpected torque loads and to show characteristic,
yet axis-dependent, catch-up responses for conditions other than pure linear slip.
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1 Introduction

With the advent of anthropomorphic robotic and prosthetic hands comes both the
promise of increased functionality of artificial hands and the non-trivial challenges
of controlling a large number of degrees of freedom. Engineers can reduce the
cognitive burden on the operators of artificial hands by designing automated grip
responses into the control of the hand itself. Of course, care must be taken so as not
to undermine the independence of the human operator. If implemented well,
automated grip responses (artificial reflexes) could intervene in a manner that is
transparent to the user and buys time for processing and two-way communication
between the operator and the manipulator.

Building intelligence into artificial systems has long been an approach in the
field of robotics. In the 1980s, roboticists proposed a reflexive control architecture
that directly linked sensing and actuation in artificial systems [1]. ‘‘Grasp pre-
shaping’’ is a good example of how visual feedback on object shape has been used
to implement pre-programmed grasp postures [2, 3]. While automated pre-shaping
could aid in the initial grasp of an object, on-line grasp adjustments such as
changes in digit placement or fingertip force vectors may still be necessary to
account for erroneous digit placement or perturbations of the grasped object. Much
effort has been put into developing dynamic tactile sensors (the reader is referred
to [4–6]) and control algorithms that will enable on-line adjustments of fingertip
forces using real-time feedback from tactile sensors.

We are particularly interested in on-line grasp adjustments during precision
grip, which is fundamental to the human ability to grasp and manipulate objects. In
precision grip, or opposition pinch, the grasped object is ‘‘pinched between the
flexor aspects of the fingers and the opposing thumb’’ [7]. Grasp stability using a
two-fingered precision grip is achieved through force closure, which only requires
two soft finger contacts for an object in 3D having six degrees of freedom [8].
Assuming minimal changes in digit center of pressure location, grasp stability will
depend critically on each digit’s 3D force vector and its relationship to the friction
cone determined by the grasped object and the fingerpad skin. Most of this chapter
will, therefore, focus on the spatial and temporal coordination of fingertip forces
during precision grip.

While biomimicry is not a necessity for engineered solutions to artificial grasp,
it is difficult to ignore the ease with which the human hand can manipulate objects.
Much inspiration for grasp control algorithms can be taken from neurophysiology
studies on human grasp. This chapter begins with a brief overview of key findings
from a subset of prior precision grip studies. For more comprehensive reviews, the
reader is referred to [9–11]. The chapter will conclude with results from a study
that, to our knowledge, is the first to investigate grip responses to unexpected
torque loads and to show characteristic, yet axis-dependent, ‘‘catch-up responses’’
for conditions other than pure linear slip [12]. The catch-up response will be
described in further detail in Sect. 1.2.2.
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1.1 Influence of Intrinsic Object Properties on Fingertip
Forces

An object’s physical properties (extrinsic and intrinsic) can influence fingertip
forces on the object during grasp and manipulation [11]. Examples of extrinsic
object properties include the orientation and motion of the object. Examples of
intrinsic object properties include weight, mass distribution, size, texture, frictional
condition, shape, surface curvature, and fragility [11]. A subset of intrinsic object
properties and their parametric influences on fingertip force control is addressed
here.

1.1.1 Weight

In 1984, Westling and Johansson conducted an experiment in which each subject
held an object in midair using a precision grip. Experimenters were able to pseu-
dorandomly alter the weight of an object having symmetric grip surfaces without
changing its visual appearance [13]. Subjects performed tasks in which they lifted
the object from a table, held the object stationary in midair, and then replaced the
object to the table (lift-hold-replace) or lifted the object, held the object in midair,
and then allowed the object to slip from their fingertips (lift-hold-slip).

Fingertip forces were reported in normal and tangential components relative to
the grip surface. Grip force was defined as the compressive force normal to the
grip surface and load force referred to the lifting force tangential to the grip surface
for the vertically oriented object. Parallel coordination of grip forces and load
forces on the object is believed to be a general control strategy for achieving grasp
stability, regardless of grasp configuration or task [11]. For instance, when subjects
were tasked with holding objects of various weights, the static grip forces
employed during the static grasp of the object in midair changed in proportion to
the weight of the object [13, 14].

1.1.2 Frictional Condition Between Object and Skin

The preceding discussion on the influence of object weight on fingertip forces
would not be complete without an analysis of the frictional condition between the
object and the fingerpad skin. In the same set of experiments previously described,
Westling and Johansson also varied frictional conditions by exchanging pairs of
grip surfaces (sandpaper, suede, or silk) [13]. Static grip force changed in pro-
portion to the inverse of the coefficient of static friction at the finger-object
interface. That is, static grip force increased as the surface became more slippery.
While the relationship between static grip force and weight remained approxi-
mately linear, the slope of this linear relationship increased as the surface became
more slippery [13].
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Slip force was defined as the minimum grip force necessary to prevent slip, as
determined via trials during which subjects purposefully reduced grip forces until
slip occurred [13]. The relationship between the tangential load force and the
normal slip force was determined by the coefficient of friction for the object-skin
contact condition. Thus, slip forces would increase as slipperiness increased.
Subject-specific safety margins for prevention of slip were defined as the differ-
ence between actual grip forces and the slip forces. The safety margin increased
with slip force and was, therefore, higher for more slippery surfaces [13]. Safety
margins were relatively low such that excessive grip forces were avoided [13, 15].
It has been postulated that ‘‘the manipulative task is apparently underwritten by a
program to prevent slips’’ [16].

1.1.3 Shape

Object shape was varied in a 1997 study by Jenmalm and Johansson [17]. The test
object had symmetric grip surfaces and was designed such that the angle of the
grip surface relative to the vertical plane could be varied from -40� (tapered
downward) to 30� (tapered upward) in 10� increments. The grip surfaces were
vertical and parallel for the 0� case.

Fingertip forces were reported in horizontal and vertical components. Hori-
zontal forces were not always normal to the grip surface (except for the 0� case),
but they were always pointed towards the object’s midline. Horizontal forces
increased as surface angle increased and the object tapered upward [17]. This
relationship held prior to object lift-off and during the static grasp of the object in
midair. Vertical forces were relatively independent of surface angle. Interestingly,
the components of force normal and tangential to the grip surface maintained an
approximately constant ratio regardless of surface angle. As a result, the safety
margin for the prevention of linear slip was independent of surface angle [17].

1.1.4 Surface Curvature

In 1998, Goodwin et al. conducted an experiment in which curvature of the grip
surface was varied for a task requiring object tilt [18]. The test object had two
symmetric grip surfaces and was designed such that surface curvature could be
varied (concave, flat, or convex). Subjects were instructed to grasp the test object
and tilt the base of the object up and away from the body using elbow flexion and
radial flexion of the wrist. Unlike the prior studies discussed here which addressed
linear slip caused by forces tangential to the grip surface, this study addressed
rotational slip [14] caused by tangential torques at the fingertips about an axis
perpendicular to the grip surface. Such torques resulted from rotation of the
grasped object about the grip axis (line connecting the two fingertips).

Rotary slip tests were performed in order to determine the slip force, or grip
force below which rotational slip would occur [18]. Interestingly, the experimenters
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differentiated the importance of each digit by defining a critical digit as the digit that
employed the greater of the two slip forces. Any decrease in grip force by this
critical digit would lead to undesired rotational slip of the object. Safety margins for
prevention of rotational slip were defined as the difference between actual grip
forces and the slip force of the critical digit for that trial. It was found that safety
margin increased as surface curvature increased and the surface became more
convex [18]. However, the relative safety margin, the safety margin expressed as a
fraction of grip force, was actually less dependent upon surface curvature [18, 19]
and more dependent upon torque load [18]. Interestingly, the magnitude of the
safety margin for rotational slips [18] was comparable to that for linear slips [13].

Grip force for the tilting task had an approximately linear relationship with
surface curvature (higher grip forces for more convex surfaces) [18]. Regardless of
surface curvature, grip force increased linearly with torsional load throughout the
tilting movement [18]. As the object was tilted further upward, the tangential
torque at the fingertips increased, and higher grip forces were applied. A similar
experiment that varied surface curvature for a lifting task, as opposed to a tilting
task, concluded that surface curvature moderately affected slip force but not grip
force for linear slips [20]. It is important to note that the effects of surface cur-
vature on grip forces were greater for tasks in which rotational slip was imminent
(tangential torque loads dominated) [18, 19] as compared to those when linear slip
was imminent (linear force loads dominated) [20].

1.2 Influence of Anticipation on Fingertip Forces

The discussion of anticipation effects on fingertip forces is limited here. For
lengthier discussions on the importance of prediction of motor commands and
sensory events with respect to control strategies during purposeful object manip-
ulation, the reader is referred to [9, 21, 22].

1.2.1 Anticipated, Self-Imposed Perturbations in Bimanual Tasks

Anticipatory or preparatory motor responses are particularly useful when the
subject has an expectation or prediction about the grasping task. This is the case
for voluntary movements and when perturbations are imposed by subjects them-
selves, as with a bimanual task. In 1988, Johansson and Westling conducted a
study in which subjects grasped a pair of vertical grip plates that were attached to a
cup into which balls of various weights could be dropped from different heights
[16]. In some trials, subjects dropped the ball themselves using the contralateral,
non-dominant hand. In other trials, the experimenter dropped the ball such that the
load perturbation was unexpected [16]. Subjects wore ear phones and had minimal
audio feedback. Except for control trials in which subjects had visual feedback,
subjects closed their eyes for all trials. Another set of control trials was conducted
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during which the experimenter interfered with the task by catching the ball
dropped by subjects before the ball landed in the cup.

When subjects dropped the ball, grip forces increased after the ball was released
in anticipation of the impending impact of the ball with the cup. Grip forces began
to increase 150 ms before impact and continued 100 ms after load force peaked
[16]. This preparatory motor response occurred whether or not the experimenter
interfered with the impact of the ball and whether or not visual cues were avail-
able. The preparatory grip force magnitude increased with more slippery frictional
conditions. The preparatory grip force rate scaled with the weight of the ball and
the weight of the grip apparatus. The duration of the grip force increase scaled with
the height through which the ball dropped [16].

When the experimenter dropped the ball, there were no preparatory motor
responses by subjects. Rather, a reactive grip force response was triggered by the
impact of the ball with the cup and began 70–80 ms after the onset of impact [16].
As with the preparatory grip force response, the triggered grip force magnitude
scaled with the weight of the ball. However, the magnitude of the grip force
increase was larger when the experimenter dropped the ball than when subjects
dropped the ball. Regardless of who dropped the ball, both grip and load forces
increased in parallel [16].

1.2.2 ‘‘Active’’ Objects with Unpredictable Properties

Thus far, the fingertip force adaptations described were observed during experi-
ments in which subjects grasped passive objects whose intrinsic physical properties
were constant and predictable. For such passive objects, sensorimotor memories
could be used to make predictions about the objects for feedforward adjustments of
fingertip force. In the early 1990s, Johansson and colleagues conducted a series of
experiments [19–21] with active objects that exerted unpredictable pulling loads
having different force amplitudes [23] and rates [24]. The manipulandum consisted
of a pair of grip plates that could be pulled in the distal direction by a motor to
impose a loading phase (ramped increase in force load), plateau phase (constant
force load), and unloading phase (ramped decrease in force load) [23]. Subjects
were instructed to restrain the object upon detection of the pulling load without
visual feedback. For the static load phase, the safety margins for the prevention of
linear slip appeared similar for passive and active objects [23].

As with passive objects, grip force changed with load force during restraint of
the active objects. With passive objects, grip and load forces were initiated and
scaled in parallel and the grip force rate had a bell-shaped profile [16]. With active
objects, however, the grip force changes were delayed due to the unpredictable
nature of the force loading and unloading [23]. The grip force rate had a biphasic
profile and featured a rapid initial increase in grip force (a pulse-like ‘‘catch-up
response’’ in grip force rate) that was followed by a period of steadily increasing
grip force (a secondary ‘‘tracking response’’ in grip force rate) if the distal load
continued to increase after the catch-up response [23]. The catch-up response
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allowed the delayed grip force to quickly catch up to the unexpected load force and
maintain a sufficient safety margin for the prevention of linear slip. For a constant
load force rate, features of the catch-up response such as latency (approximately
140 ms after onset of loading), shape, size, and duration (200–250 ms) were
independent of load force amplitude [23]. When load force rate was varied, the
amplitude of the catch-up response increased with load force rate and the grip
response latency decreased with load force rate [24]. Interestingly, the duration of
the the catch-up response was 200 ms, regardless of the load force rate [24]. The
stereotypical features of the catch-up response, in particular its fixed duration,
suggested that the catch-up response was a centrally programmed, default grip
response that was released as a unit in response to unexpected increases in load [23,
24]. These findings supported prior observations of stereotypical evoked grip force
responses (consistent response latencies of 60–90 ms and durations of 100–200 ms)
that appeared to be automatic and not consciously mediated [25]. When finger
sensibility was impaired via digital anesthesia, the tracking response disappeared,
suggesting that the tracking response is a grip response mechanism that relies
critically on cutaneous afferent input to make online grip force adjustments [26].

In 1993, Cole and Johansson used the same active object as in the prior series of
experiments [23, 24, 26], but also varied frictional condition at the finger-object
interface [27]. The loading profile featured a ramped increase, plateau phase, and
ramped decrease in force applied in the distal direction [27]. The intertrial or
preload grip force was defined as the grip force at the onset of the load pertur-
bation. The preload grip force scaled with the inverse of the coefficient of friction
[27]. The more slippery the grip surface, the greater the preload grip force. As in
prior studies [23, 24], the grip force profile featured a catch-up and secondary
tracking response [27]. Features of the catch-up response such as onset latency,
shape, and duration were independent of frictional condition [27]. It was found that
the preload grip force greatly affected the scaling of the catch-up and tracking
responses, possibly to avoid unnecessarily large or dangerously small safety
margins for linear slip at the peak load force [27]. Since the preload grip force
contributes to the overall grip response, increases in this grip force baseline value
resulted in decreases in the catch-up and/or tracking responses. Thus, it was
postulated that initial state information such as frictional condition could ‘‘glob-
ally’’ affect the grip response to unexpected pulling loads by adjusting a ‘‘central
scaling factor’’ or ‘‘gain’’ for the load-to-grip sensorimotor transformation [27].
Larger preload grip forces and, thus, higher safety margins at the start of the trial
were employed after slip [20, 28] and when digital anesthesia was used [29].

1.3 Influence of Load Direction on Fingertip Forces

Multiple studies have reported that fingertip force responses evoked by unantici-
pated loads are affected by the direction of the loading [29–31]. In a 1992 study,
Jones and Hunter reported directional effects of translation loads on the magnitude
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of the grip force [30]. Specifically, subjects used larger grip forces for distal loads
that pulled away from the palm than for proximal loads that pushed towards the
palm. It was postulated that the frictional condition at the finger-object interface
was a function of loading direction due to the anisotropic properties of glabrous
skin [30].

In 1996, Häger-Ross et al. specifically investigated the effects of load direction
relative to gravity and hand orientation [31]. Subjects had to restrain an active
object with two parallel, symmetric grip surfaces with the ulnar side of the hand
facing either downward or upward. A motor was used to apply unpredictable loads
in the distal, proximal, radial, and ulnar directions. Depending on hand orientation,
the radial and ulnar load directions would be in the direction of gravity or opposed
to gravity. Regardless of hand orientation, grip force response latencies were
shorter for what were referred to as the ‘‘dangerous directions’’: distal loads as
opposed to proximal loads, and directions with gravity instead of against gravity
[31]. These findings were consistent with another study that varied load direction
and support conditions for the hand and forearm [29]. Interestingly, the latencies
for cutaneous afferent responses were similar for the distal and proximal load
directions and, yet, the grip force response latencies were shorter for distal loads
[31]. It was postulated that load directions relative to both gravity (with or against)
and hand geometry (away or towards the palm) serve as ‘‘intrinsic task variables’’
for the central control of grasp stability when faced with unpredictable loads [31].
The fact that grip force response latencies and magnitudes were independent of
load direction when digital sensibility was impaired suggests that digital sensory
inputs play critical roles in reactive grip control [29].

1.4 Influence of Sensory Feedback on Fingertip Forces

1.4.1 Visual Feedback

Visual cues play a critical role in anticipatory parameter control [11], a control
policy which proposes that fingertip forces are adapted to intrinsic object prop-
erties (e.g., shape [17], size [32], weight [33], surface curvature [19]) in antici-
pation of force requirements based on prior experience. During grasp experiments
in which object shape (grip surface angle) was varied, it was found that visual
feedback was used to adjust fingertip force in a feedforward manner from the onset
of horizontal force generation [17]. Furthermore, the grip surface angle from the
previous trial had no effect on the forces applied in the current trial when visual
feedback was available, regardless of whether cutaneous afferent feedback was
intact or not [17].

In a different study that varied the size and weight of objects, visual cues about
object size influenced the scaling of fingertip forces during the loading phase even
before additional somatosensory cues related to actual object weight became
available with object lift-off [32]. Subjects used prior experience, as with common
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everyday objects, to scale fingertip forces after visually identifying the object and
estimating the object’s weight [33]. When size and weight were covaried and
object density remained constant, visual cues about size were used as indirect
measures of weight for anticipatory fingertip force scaling [32].

1.4.2 Digital Feedback

Digital sensibility plays a critical role in both the shaping of anticipatory grip
adjustments that are informed by sensorimotor memories and the shaping of
evoked or reactive grip responses to unpredictable load perturbations [25, 26].
Discrete event, sensory-driven control has been proposed as a control policy, used
in addition to anticipatory parameter control, that uses discrete mechanical events
encoded in the spatiotemporal patterns of sensory inputs to trigger pre-pro-
grammed corrective grip responses [11]. Due to their proximity to the finger-object
interface, tactile receptors innervating the glabrous skin are believed to be par-
ticularly important for the adaptation of fingertip forces to intrinsic object prop-
erties [11]. It has even been said that ‘‘it appears that tactile afferents of the skin in
contact with the object are the only species of receptor in the hand capable of
triggering and initially scaling an appropriate change in grip force in response to
an imposed change in load force’’ [34].

Multiple studies have addressed the importance of cutaneous afferent feedback
to the adaptation of fingertip forces to variations in the frictional condition at the
finger-object interface. A 1984 study using a lift-hold-replace task showed that the
adaptation of grip forces and load forces to frictional condition was dependent
upon input from cutaneous afferents [15]. Specifically, afferents innervating the
glabrous skin areas that directly contacted the object were important for detecting
‘‘local’’ slip events and estimating the frictional condition [15]. It is believed that
fast-adapting FA I units are primarily responsible for triggering and initially
scaling the automatic, reactive grip force responses to ramped increases in load
forces [35, 36].

In the absence of visual cues, cutaneous afferent feedback about object shape
[17] and surface curvature [19] influenced fingertip forces soon after object con-
tact. When grip surface angle was varied, fingertip force adjustments to the new
surface angle emerged approximately 100 ms after object contact [17]. When
subjects had to rely on cutaneous afferent feedback alone, fingertip forces prior to
the 100 ms timepoint were influenced by the previous trial. When surface cur-
vature was varied, fingertip force adjustments to the new surface curvature
emerged 100–200 ms after object contact [19]. Again, initial fingertip forces were
influenced by the force conditions of the previous trial. Once the new surface
curvature was detected, tactile cues were used to adapt fingertip forces in a
feedforward manner [19]. While both visual and tactile feedback have been
associated with feedforward adjustments of fingertip force [17, 19], tactile feed-
back is especially critical for anticipatory grip force adjustments to frictional
conditions [35, 37].
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Nondigital sensory input from joint receptors, intrinsic and extrinsic hand
muscles, and skin strain sensors located away from the fingertips may also con-
tribute to grip responses. Häger-Ross and Johansson observed catch-up responses
despite the use of three different support conditions (hand support, forearm sup-
port, no support) used to vary the transmission of the perturbations at the fingertips
to other segments of the hand and forearm [29]. Nonetheless, it is believed that
digital inputs are the principal sensory inputs used during reactive grip control [25,
26, 29, 34–36, 38]. Anesthetization of both digits in a precision grip weakened the
effect of load rate on catch-up response strength, increased grip response latencies,
and, in some cases, caused the absence of a grip force response altogether [26].

1.5 Motivation for the Following Study on Grip Responses
to Unexpected Torque Loads

Prior studies on rotational slip involved expected, tangential torque loads as
subjects lifted and tilted [18], lifted and held [19], or released one’s grasp to allow
the tilting of [14] passive objects whose center of mass location threatened rota-
tional slip about the grip axis. In the work that follows here, torque loads were
used to investigate grip responses to unexpected rotational perturbations of a
grasped object about two different axes relative to the subject’s hand: distal-
proximal axis away from and towards the subject’s palm, and the grip axis con-
necting the two fingertips. The objectives of this study were twofold: to determine
if a catch-up response is elicited by unexpected rotational perturbations, and, if so,
to determine if features of the catch-up response (onset latency, shape, duration,
strength) are dependent on the direction, strength, and/or axis of the perturbation.
To our knowledge, this is the first study to investigate grip responses to unexpected
torque loads and to show characteristic, yet axis-dependent, catch-up responses for
conditions other than pure linear slip.

2 Materials and Methods

2.1 Experiment

Eighteen unimpaired subjects (nine male, nine female) participated in the study
under a protocol approved by the Arizona State University Institutional Review
Board. All participants were naïve to the purpose of the study, naïve to the
experimental apparatus, and gave their informed consent prior to participating in
the study. Subjects had no known hand or neurological dysfunction. All subjects
were right hand dominant and ranged in age from 19 to 38 years.
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A six-camera motion-capture system (MX-T40 cameras, Vicon, Centennial,
CO) and 3 mm diameter hemispherical markers (Mocap Solutions, Huntington
Beach CA) were used to collect kinematic data from the thumb and index finger of
each subject’s dominant hand (24 markers in the form of 8 triads) and an
instrumented test object (3 markers) (Fig. 1). Surface electromyography (EMG)
was used to measure the activity of the first dorsal interosseous (FDI) muscle
(BIOPAC EMG 100C, BIOPAC Systems, Goleta, CA).

The 194 g rigid test object had two parallel, symmetric grip surfaces spaced
39 mm apart. Fingertip forces and torques were measured independently for the
thumb and index finger by six-axis force/torque transducers (Nano-25, ATI

++

For torque loads
about d-p axis

Force applied to
produce torque loads
about grip axis

Force-torque 
transducer

Fthumb Findex

θindexθthumb

Grip plate

grip axis

distal-proximal 
(d-p) axis

grip axis
-

-

+

EMG
ground

motion capture 
markers

EMG electrode pair

Subject’s viewRadial view(a) (b)

Fig. 1 Experimental set-up. a A radial view of the subject’s hand is shown with triads of retro-
reflective markers (indicated by dotted lines) that were used to track the motion of the thumb,
index finger, and instrumented object. Surface EMG was used to record first dorsal interosseous
activity. Directions of rotation (red = negative, blue = positive) were defined with respect to
each of two hand-referenced, object-fixed axes: distal-proximal and grip axes. b A view from the
perspective of the subject of the object shows the locations of the attachment points used to
impose rotational perturbations with a cable, mass, and pulley system. The angle h of the fingertip
force vector was measured relative to the grip surface normal in the plane containing the grip
axis. (Adapted from [12])
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Industrial Automation, Apex NC) housed within the test object. Each aluminum grip
plate was covered by a single layer of masking tape in order to minimize reflectivity
during collection of motion capture marker data. Kinematic data were collected at
200 Hz while EMG and force/torque data were collected at 1.8 kHz by a 16-bit data
acquisition board that was synchronized with the motion capture system.

Each subject sat upright with the dominant arm supported by a tabletop. With
each subject’s dominant hand and wrist unsupported at the end of the table, a vacuum
positioning pillow (Versa Form, Sammons Preston, Bolingbrook, IL) and velcro
straps were used to constrain the subject’s forearm to the tabletop. Hand pronation
and supination were restricted while wrist flexion/extension and radio-ulnar devi-
ation were not. Subjects were instructed to hold the test object upright in midair
using a precision grip with the thumb and index finger centered on its own grip plate
and directly opposed to the other digit. Subjects were instructed to curl their other
digits towards their palm as if making a fist. Subjects were told that a perturbation
would jar the grasped object at a random, unannounced time point during each five
second trial. A single perturbation occurred during every trial. Subjects were
instructed to return the object to its initial orientation as soon as the perturbation was
detected and to avoid dropping the object. Subjects were not given any instructions
related to use or disuse of their wrists. To minimize visual cues related to the
impending perturbation, subjects were instructed to look away from the test object
and investigator during each trial. There were no auditory cues associated with the
perturbation. Subjects did not have any practice trials prior to data collection.

Rotational perturbations were imposed about two different axes which were
defined relative to the subject’s hand, fixed relative to the object, and passed
through the test object’s center of mass (Fig. 1): distal-proximal (‘‘d-p’’) axis away
from and towards the subject’s palm, and the grip axis which connects the fin-
gertips. Both positive and negative rotations were imposed about the d-p axis
while only negative rotations were imposed about the grip axis such that the top of
the test object tilted away from the subject’s hand. Step torque loads were imposed
using a mass and pulley system attached to the object via lightweight, inextensible
fishing line (200 lbf braided line, PowerPro, Irvine, CA). Each trial lasted five
seconds, during which a mass was dropped vertically by 5 cm and remained
hanging from the fishing line until the conclusion of the trial. No significant
swinging of the mass was observed. The mass (100 or 150 g) combined with the
off-center attachment points for the fishing line (34.3 mm above or below the
object’s center of mass, Fig. 1b) resulted in the following externally-applied tor-
que loads, or object-moments [39], about the test object’s center of mass: ±33.6
or ±50.5 mN-m about the distal-proximal axis, and -50.5 mN-m about the grip
axis. Johansson et al. defined object-moment as the ‘‘product of the force of gravity
acting on the object and the perpendicular distance between the grip axis and its
CM [center of mass]’’ [39]. In this study, object-moment was defined as the
external torque load imposed about the object’s center of mass via a mass and
pulley system.

Blocks of experimental conditions were created using different combinations of
levels for three factors associated with each rotational perturbation: object-moment

170 M. De Gregorio and V. J. Santos



magnitude (small or large), axis of rotation (d-p or grip axis), direction of rotation
(positive or negative). A total of six blocks were presented in the following order:
þ33.6 mN-m about the d-p axis, þ50.5 mN-m about the d-p axis, -50.5 mN-m
about the d-p axis, -33.6 mN-m about the d-p axis, -33.6 mN-m about the grip
axis, and -50.5 mN-m about the grip axis. Subjects completed five trials for each
block. Subjects received a mandatory 30 s rest period between each trial and were
advised to notify the researcher if lengthier rest periods were necessary in order to
avoid fatigue.

2.2 Data Analysis

Motion capture data for the hand and test object were post-processed using Vicon
Nexus software to ensure complete marker sets for each trial. All data were then
processed using MATLAB (Mathworks, Natick MA). Kinematic marker data were
filtered using a fourth-order 30 Hz low pass Butterworth filter [40]. Triads of
markers were used to establish local Cartesian reference frames for bodies of
interest, such as the test object.

Angular orientation and angular velocity of the test object were used to verify
the predominance of rotational motion in each perturbation and to determine the
onset of object perturbation, which was defined as ‘‘t = 0 s.’’ All trials were
synchronized according to the onset of perturbation. Angular deviations of the
object from its initial upright orientation were measured about the axis of interest
(Fig. 1a) and averaged across trials for each block on a subject-specific basis. The
peak angular deviation of the object was defined as the maximum magnitude of
rotation of the object from its initial orientation and was extracted from the
averaged angle data.

First dorsal interosseous surface EMG data were full-wave rectified and then
filtered using a 50 Hz low-pass fourth-order Chebyshev filter [41]. The data were
normalized using maximum voluntary contraction data collected at the start of
each experimental session. For each subject, all trials for a given block condition
were averaged to ensure that trends in muscle activation were consistent. To
determine when FDI was active, activation threshold values were set at three
standard deviations of the baseline noise prior to the onset of object perturbation.
For each subject and block condition, the activation threshold was determined
from the mean baseline noise data across all trials for that block. Each subject’s
FDI was considered to be active if its mean EMG activity (on a block-specific
basis) exceeded the activation threshold and remained above threshold for a
continuous period of at least 50 ms [41]. Visual inspection was used to verify that
the activation thresholds resulted in accurate, reliable threshold crossings [42]. The
time to initial FDI activation (time of the first upward threshold crossing relative to
the onset of object perturbation) was used as the onset latency of the catch-up
response. Due to poor surface EMG connectivity, EMG data are only only pre-
sented for 15–17 subjects, depending on the perturbation conditions.
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Fingertip force and torque data were filtered using a fourth order, 30 Hz low-
pass Butterworth filter [40]. Force components were separated into normal and
tangential components relative to the grip surface (as in [37]) as opposed to ‘‘grip
forces’’ and vertical lifting ‘‘load forces’’ (as in [13]). Normal and tangential force
components were appropriate for this study in which object orientation was not
always upright and external loads were neither purely translational nor aligned
with gravity. Normal force components were the same as the grip forces referred to
in [13]. Force data for individual trials were averaged for each block on a subject-
specific basis to ensure consistent extraction of key features [18, 19, 27, 37]. For
rotations about the d-p axis, each digit’s mean force vector was used to calculate
the angle h of the fingertip force vector with respect to the grip surface normal, as
viewed from the plane containing the grip axis (Fig. 1b). Positive angles indicated
that a digit’s force vector had a component that pointed in the radial direction
towards the top of the object. Normal force rates were obtained by taking first-
order differences of the normal force data for each individual trial while
accounting for the force sampling rate, averaging those data according to exper-
imental block conditions on a subject-specific basis, and smoothing with a moving
boxcar average having a width of 50 ms. As in [23], the onset of muscle activity
and peak normal force were used to mark the start and end of the catch-up
response, respectively, in order to determine the duration of the catch-up response.
Peak normal force rate was used to define the strength of the catch-up response.

2.3 Statistical Analysis

The data could not be transformed into normal distributions using square-root, log,
or inverse sine functions. Thus, we used the Kruskal–Wallis test, the non-
parametric counterpart to the one-way ANOVA, to evaluate the independent
effects of three experimental factors: object-moment magnitude (small or large),
axis of rotation (d-p or grip axis), and direction of rotation (positive or negative).
The Kruskal–Wallis test was also used to test whether quantities of interest could
be pooled across the thumb and index finger. For all statistical analyses, the alpha
level was set at 0.05. Summary data are reported as either median ranges or
median ± median absolute deviation (MAD) unless otherwise specified.

3 Results

Data for a representative subject for a single experimental block condition
(-50.5 mN-m rotation about the d-p axis) illustrate common trends in object
kinematics, first dorsal interosseous activity, and fingertip force components
(Fig. 2). After the onset of perturbation (t = 0 s; ‘‘a’’ in Fig. 2), the object rotated
about the d-p axis such that the top of the object turned towards the subject’s

172 M. De Gregorio and V. J. Santos



thumb. Shortly after the object reached its maximum angular deviation, the sub-
ject’s FDI became active (onset of the catch-up response, ‘‘b’’ in Fig. 2) and the
normal force rate for each digit began to increase until reaching a maximum value
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digit’s fingertip forces are reported relative to an object-fixed reference frame in terms of normal
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response was observed in the normal force rate data for each digit. (Adapted from [12])
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marking the strength of the catch-up response (‘‘c’’ in Fig. 2). The thumb and index
finger normal forces increased and decreased in parallel. A catch-up response was
clearly visible in the normal force rate profiles of both the thumb and index finger
(from ‘‘b’’ to ‘‘d’’ in Fig. 2). The subject had rotated the object back to its initial
upright configuration by approximately 200 ms. The angle of the object appeared to
have reached steady-state even though the catch-up response had not yet been
completed, possibly because both digit’s normal forces were scaled in parallel and
did not change substantially the net torque about the object’s center of mass.

3.1 Object Kinematics

For positive and negative rotations about the d-p axis, the object was rotated
clockwise and counter-clockwise from the subject’s perspective, respectively. Upon
perturbation, the object was rotated away from its initial upright orientation to some
peak angular deviation, and was then rotated back towards the upright orientation
(Fig. 2). For rotational perturbations about the grip axis, the top of the object tilted
away from the subject. With wrist movements limited, subjects could halt the tilting,
but were unable to restore the object to its initial upright configuration.

Object-moment magnitude affected the peak angular deviation of the object for
the d-p and grip axes for both rotation directions (largest p value was p = 0.02).
As expected, peak angular deviations were greater for larger object-moment
magnitudes (Table 1). Rotation axis also affected peak angular deviation of the
object (p = 5.3E - 6 and 3.9E - 6 for small and large object-moment magni-
tudes, respectively). The median values for negative rotations about the grip axis
were 22–23� greater than those for negative rotations about the d-p axis (Table 1).

Object-moment magnitude did not affect the time to peak angular deviations of the
object for rotations about the grip axis (p-value of 0.33), but did affect rotations about
the d-p axis (largest p-value of 0.01). Time to peak angular deviation of the object was
10 ms greater for larger object-moment magnitudes (Table 1). Time to peak angular
deviation was influenced by rotation axis (largest p-value of 1.2E - 6). Median
values were 68–83 ms greater for the grip axis relative to the d-p axis (Table 1).

In general, direction of rotation did not affect object kinematics. For rotations
about the d-p axis, peak angular deviation and time to peak angular deviation were
slightly greater for negative rotations than positive rotations. While statistically
significant, the actual differences in median values do not appear to be functionally
significant (5� and 2–5 ms for peak angular deviation and time to peak angular
deviation, respectively, Table 1).

3.2 Onset Latency of the Catch-Up Response

Surface EMG was used to investigate the timing of first dorsal interosseous acti-
vation relative to the onset of perturbation of the grasped object (Fig. 2). A burst of
FDI activity was observed shortly after the onset of perturbation for all subjects
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and block conditions. Object-moment magnitude had no effect on the onset latency
of the catch-up response (time to FDI activation) for any axis or direction of
rotation (smallest p-value was p = 0.11 for positive rotations about the d-p axis).
Axis of rotation also had no effect on the onset latency of the catch-up response
(smallest p-value of 0.38 for the -50.5 mN-m object-moment magnitude) whose
median values ranged from 71 to 89 ms (Table 1).

3.3 Fingertip Forces and Force Rates

Shortly after the onset of perturbation, thumb and index finger forces normal to the
grip plate increased rapidly to maintain grasp of the object and eventually
decreased to steady-state values (Fig. 2). A distinct, pulse-like catch-up response

Table 1 Object kinematics and grip response events

Axis: Distal-proximal Grip

Direction: Positive Negative Negative

Peak angular deviation of object [deg] Small OMM Small OMM Small OMM
9.5 ± 1.9 11.7 ± 1.9 33.6 ± 5.2
Large OMM Large OMM Large OMM
12.7 ± 2.0 17.8 ± 3.8 40.5 ± 8.3

Time to peak angular deviation of object [ms] Small OMM Small OMM 137.5 ± 25.0
55.0 ± 0.0 60.0 ± 5.0
Large OMM Large OMM
65.0 ± 5.0 70.0 ± 5.0

Onset latency of the catch-up response [ms]
(Time to FDI activation, ‘‘b’’ in Fig. 2)

71.4 ± 9.2 83.9 ± 12.8 88.6 ± 9.2

Strength of the catch-up response [N/s]
(Peak normal force rate)

Small OMM 83.4 ± 21.8 134.7 ± 50.8
79.5 ± 21.9
Large OMM
104.2 ± 27.0

Time to peak normal force rate [ms]
(‘‘c’’ in Fig. 2)

127.2 ± 15.5 152.2 ± 28.9 145.8 ± 16.7

Peak normal force [N] 13.0 ± 2.9 12.5 ± 3.3 19.2 ± 8.0
Time to peak normal force [ms]

(‘‘d’’ in Fig. 2)
309.2 ± 84.7 319.2 ± 80.5 282.5 ± 45.3

Duration of the catch-up response [ms]
(from ‘‘b’’ to ‘‘d’’ in Fig. 2)

230.8 ± 74.7 221.9 ± 79.2 216.9 ± 50.8

Object kinematics and grip response events are summarized for all 18 subjects, pooled across
both digits, and pooled by object-moment magnitude (OMM), unless otherwise specified. Data
are reported as median ±MAD in the order of key events after the onset of perturbation and are
separated according to axis and direction of rotation. (Reprinted with permission from [12])
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was observed in the normal force rate data for each digit (Fig. 2). In fact, catch-up
responses were observed in the normal fingertip force data for all subjects, both
digits, and all six block conditions. A comparison of catch-up responses across
different object-moment magnitudes and axes of rotation demonstrates the con-
sistency of the unimodal profile in the normal force rate (Fig. 3). Peak normal
forces and peak normal force rates were, on average, greatest for rotational per-
turbations about the grip axis for all subjects, both digits, and both object-moment
magnitudes (Fig. 4).

Peak normal force was affected by axis of rotation, but not by object-moment
magnitude or direction of perturbation. Negative rotations about the grip axis
resulted in the largest peak normal forces (19.2 ± 8.0 N, Table 1, Fig. 3). Time to
peak normal force was not affected by object-moment magnitude, perturbation
axis, or rotation direction. The smallest p-value of 0.053 resulted from a test on
effects of perturbation axis (d-p or grip). Median values for time to peak normal
force ranged from 283 to 319 ms (Table 1).

Radial, tangential force components revealed similar trends across all subjects
regardless of object-moment magnitude or direction of rotation about the d-p axis.
In particular, changes in radial force components from pre-perturbation baseline
values were less variable immediately after the onset of perturbation and until the
onset of the catch-up response (Fig. 5).
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3.3.1 Strength and Duration of the Catch-Up Response

For the most part, rotation direction and object-moment magnitude had no effect
on the strength of the catch-up response (peak normal force rate), except for
positive rotations about the d-p axis (p-value = 0.02), in which case the median
value was 31 % larger for large object-moment magnitudes than for small object-
moment magnitudes (Fig. 4, Table 1). Axis of rotation had the greatest effect on
strength of the catch-up response, with the median value for the grip axis
exceeding that of the d-p axis by 61.5 % for negative rotations (Fig. 4, Table 1).

The time to peak normal force rate was not affected by any experimental factor
(object-moment magnitude, axis or direction of rotation) for either digit. The
smallest p-value was 0.14 for positive rotations about the d-p axis. Median values
for the time to peak normal force rate ranged from 127 to 152 ms (Table 1).
Notably, the duration of the catch-up response was independent of all experimental
factors as well as digit (smallest p-value was 0.13 for negative rotations about the
d-p axis). Median values for the duration of the catch-up response ranged from 217
to 231 ms (Table 1).

*
*

*

100

200

300

400

500

0

+ +

S
tr

en
g

th
 o

f 
th

e 
ca

tc
h

-u
p

 r
es

p
o

n
se

 [
N

/s
]

(p
ea

k 
no

rm
al

 fo
rc

e 
ra

te
)

distal-proximal

33.6 33.650.550.5

axis: grip

object-moment 
magnitude [mN-m]:

direction:
34 34sample size: 36 36 34 34
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bottom of the box. (Reprinted with permission from [12])
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3.3.2 Angle of the Fingertip Force Vector Relative to the Grip Surface
Normal

The angle h of each digit’s fingertip force vector with respect to the grip surface
normal (Fig. 1b) was used to visualize fingertip force responses to rotations about
the d-p axis for large object-moment magnitude torque loads only. Due to unknown
center of pressure locations,1 each digit’s fingertip force vector was drawn as if
applied to the center of the grip surface for visualization purposes (Fig. 6).

Two types of force responses were observed based on the symmetry (or lack
thereof) of the fingertip force angles across the thumb and index finger. The first
type of response was characterized by an asymmetry in fingertip force angle about
the vertical centerline of the object. Figure 6a shows one case in which the steady-
state angle for the thumb was greater than that for the index finger for negative
rotations about the d-p axis. This asymmetric relationship was reversed for posi-
tive rotations about the d-p axis. Typically, one digit’s angle peaked while the
other digit’s angle dropped to near zero values at approximately 50 ms (Figs. 2,
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Fig. 5 Variability in radial fingertip force components. For clarity, radial force components
relative to baseline values (prior to perturbation) are shown in order to account for trial-to-trial
variations in baseline fingertip forces. Trends are shown for negative rotations about the distal-
proximal axis, for all 18 subjects, for both object-moment magnitudes (n = 35 trials total), and
both the thumb (solid red line) and index finger (dotted blue line). Thick lines represent median
values and shaded regions represent the ±MAD ranges. Radial force components exhibited the
least variability from the onset of perturbation (dashed vertical line at t = 0 s) to first dorsal
interosseous activation at 83.9 ± 12.8 ms (dashed vertical line marking the onset of the catch-up
response). (Reprinted with permission from [12])

1 Center of pressure could not be determined due to the limited resolution of the force/torque
transducers and low normal forces employed by subjects. A calibration experiment concluded
that a minimum force of 20 N normal to the grip plate was necessary to calculate a digit’s center
of pressure to within 3 mm in the plane of the grip plate.
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6a), regardless of direction of rotation. Steady-state thumb and index fingertip
force angles became statistically significantly different around 350 ms (p = 0.047)
and 400 ms (p = 0.0496) for negative and positive rotations, respectively, and
remained disparate for the rest of the grip response with one angle near zero and
one angle greater than zero (negative rotation case shown in Fig. 6a).
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Fig. 6 Angle of fingertip force vector relative to the grip surface normal. The angle h of each
fingertip force vector was measured relative to the grip surface normal in the plane containing the
grip axis. Data are shown for large object-moment magnitude, negative rotations about the distal-
proximal axis for two groups of subjects who were separated based on the symmetry, or lack
thereof, of forces applied by the thumb (solid red lines and boxes) and index finger (dotted blue
lines and boxes) relative to the vertical centerline of the object. Boxplots are shown in 50 ms
increments from perturbation onset (t = 0 s) until 750 ms. a Nine subjects used asymmetric force
vectors about the centerline of the object (unequal steady-state h angles) to correct the object
rotation. Steady-state thumb and index fingertip force angles became statistically significantly
different around 350 ms. b Nine subjects used symmetric force vectors (equal steady-state h
angles). Thumb and index fingertip force angles became statistically indistinguishable from one
another around 100 ms
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The second type of response was characterized by a symmetry in fingertip force
angle about the vertical centerline of the object. Fingertip force angles for the
thumb and index finger became statistically indistinguishable from one another
around 100 ms and remained so for the rest of the grip response (negative rotation
case shown in Fig. 6b).

Out of 18 subjects, twelve used asymmetric fingertip force angles across the
two digits for positive rotations about the d-p axis and nine used asymmetric
fingertip force angles for negative rotations about the d-p axis. Only eight subjects
used asymmetric fingertip force angles for both positive and negative rotations
about the d-p axis.

4 Discussion

4.1 Existence of the Catch-Up Response for Rotational
Perturbations

Prior studies have described catch-up responses as a means for maintaining grasp
stability when unexpected translational loads are imposed on a grasped object and
linear slip is imminent [23, 24, 27, 29, 31]. We have shown that a unimodal catch-
up response is also elicited for unexpected rotational perturbations of grasped
objects that induce conditions other than pure linear slip or rotational slip at the
fingerpad. The robust response was observed in all subjects, both digits, and
irrespective of all three experimental factors: object-moment magnitude, axis of
rotation, and direction of rotation. A characteristic unimodal catch-up response
was always present in the normal force rate profile (Fig. 3).

Due to the method of perturbation, the external perturbations were not pure
rotations but rather combinations of rotation and translation. Each perturbation
was imposed by applying a force whose point of application was offset from the
test object’s center of mass (Fig. 1b). Nonetheless, a kinematic analysis confirmed
that rotational effects dominated the (0, 100 ms) period immediately following the
perturbation. Experiments are currently underway that use haptic devices to impart
purely linear or rotational perturbations, randomize experimental conditions, and
include rotations about a radial-ulnar axis.

4.2 Robust Timing of the Catch-Up Response

The temporal characteristics of the catch-up response were robust regardless of
experimental conditions. Onset latencies of the catch-up response (71–89 ms,
Table 1) were consistent with prior studies on linear slip that reported onset
latencies of 80 ± 9 ms (mean ± std) [23], and 62 ± 9 ms and 74 ± 9 ms for
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catch-up responses to distal and proximal loads, respectively [31]. Our observa-
tions also fell within the 50-100 ms range reported for grip force responses to
natural linear slips [35] and were not far from the 50–70 ms range reported for the
latency of a ‘‘phasic burst of muscle activity’’ after the onset of unexpected force
perturbations [25]. Peak normal forces ranged from 13 to 19 N (Table 1) and, yet,
the time to achieve the peak normal force fell within a tight range (283–319 ms,
Table 1). It should be noted that onset latency was based on FDI activation in the
present study, but was based on changes in normal force rates in other studies [23,
31]. While exact onset threshold criteria for normal force rates were not provided
in the literature, the time to FDI activation was essentially coincident with the
initial increase in normal force rate (Fig. 2 in this work; Fig. 3 in [23]. Johansson
et al. previously reported the duration of the catch-up response to be between 200
and 250 ms for linear slip conditions [23]. The duration of the catch-up responses
observed in this study ranged from 217 ms (negative rotations about the grip axis)
to 231 ms (positive rotations about the d-p axis; Table 1).

4.3 Axis of Rotation Affects Catch-Up Response Strength

Of the three experimental factors, axis of rotation relative to the hand had the
greatest effect on the catch-up response. The robust temporal characteristics of the
catch-up response suggests that the effects of axis of rotation manifested as
changes in strength of the catch-up response (peak normal force rates) and are
likely scaled according to load conditions [26]. The strength of the catch-up
response for rotations about the grip axis were much larger than those for rotations
about the d-p axis (Fig. 4, Table 1).

Axis of rotation critically affects the loading and slip conditions as well as the
contributions of the digits to the passive resistance of the perturbations. With no
part of the hand to physically oppose rotations about the grip axis, the rotational
slip conditions resulted in the largest peak and time to peak angular deviations.
Rotations about the grip axis are particularly difficult to counter because of the
incompatibility of fingertip force/torque capabilities with the axis of rotation,
which passes through both fingertips by definition. Normal grip forces are aligned
with the axis of rotation and fingertips cannot actively produce tangential torques
in the plane of the fingerpad. The strength of the catch-up response may have been
scaled up to counter rotational slip, in particular (Figs. 3 and 4, Table 1).

Our finding that catch-up responses were strongest for rotations about the grip
axis (Figs. 3 and 4, Table 1) is consistent with prior reports that grip forces are
more closely regulated for rotational slip than linear slip [18, 19], and that grip
responses to unanticipated loads vary with load (and slip) direction, with con-
servative grip responses being associated with ‘‘dangerous [loading] directions’’
[31]. In prior studies, stronger grip forces [30, 31] and shorter grip response
latencies [29] were elicited by force loads away from the palm.
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The idea that motion away from the hand constitutes a ‘‘dangerous direction’’
[31] applies to translational perturbations, but is not applicable to rotational per-
turbations that cause simultaneous motion of an object towards and away from the
hand. While we did not observe axis-dependent changes in grip response latency
[31], as measured by the time to initial FDI activation, we did observe axis-
dependent effects on peak normal force and strength of the catch-up response.
Based on these observations, we propose that the grip axis is a ‘‘dangerous axis’’
relative to the d-p axis, where critical differences exist in the conditions for slip
and passive resistance of the digits. Rotations about the d-p axis be easier to
counter because the object is rotated towards a fingertip that can immediately resist
object motion via the passive mechanics of the hand.

4.4 Passive and Active Phases of the Grip Response

As with any unexpected loading of a hand-object system, grip responses will be
comprised of a combination of passive and active components. While the non-
invasive techniques used in this study preclude discussions regarding the neural
pathways involved in the grip responses, some conclusions can be drawn about
periods of the response which clearly precede the onset of FDI activity, as mea-
sured via surface EMG. The passive dynamics of the hand-object system are likely
reflected in the reaction forces at the digit-object interface. The smooth, uniform
changes in radial, tangential forces suggests that passive resistance contributes to
at least the first 50 ms of the measured fingertip forces (Fig. 5). This was true for
all subjects, both digits, and regardless of object-moment magnitude or direction of
rotation about the d-p axis. After the FDI became active, the changes in radial
forces exhibited increased variability about the median and were likely dominated
by active muscle responses (Fig. 5).

Responses to perturbations may also have been influenced by joint stiffness and
digital yield as affected by hand posture [26, 29], and orientation of the pertur-
bation with respect to joints. Subjects were instructed to curl the middle, ring, and
little fingers, which likely pre-tensioned the flexor digitorum profundus to resist
flexion of the index finger. Rotations about the d-p axis might be resisted by the
stiffnesses of entire digits while rotations about the grip axis might be resisted
primarily by fingerpads. Passive resistance to perturbations could have arisen from
natural limits on joint motion and skin stretch, viscoelastic musculoskeletal
structures [43] and fingerpads [44], as well as passive joint torques [45, 46]. The
temporal overlap and relative contributions of the passive and active components
of the grip response remain unclear and require further investigation.
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4.5 Independent Control of Fingertip Force Vectors

Edin et al. showed that digits could be independently controlled for a task in which
subjects used a precision grip with symmetric contact points to lift an object
having different frictional conditions at the parallel, vertical grip surfaces [37].
Specifically, the ratios of normal force to tangential force were found to be
independent across the thumb and index finger [37]. Fu et al. showed that digit
tangential forces could be independently controlled when subjects were tasked
with simultaneously lifting and minimizing roll of an object using a precision grip
with directly opposed, symmetric contact points [47].

The present study supports the idea of independent digit control and, impor-
tantly, suggests that the ability to independently control fingertip forces in an
asymmetric manner can be used to compensate for torque loads that necessitate
asymmetric digit responses during precision grip. Fingertip force vectors were
projected onto the plane containing the grip axis in order to illustrate the asym-
metry in the force response across digits for negative rotations about the d-p axis
(Fig. 6). From an analysis of the angle h of each fingertip force vector with respect
to the grip surface normal, it appears that each digit’s force vectors can be con-
trolled independently and asymmetrically.

Two distinct types of grip responses were observed across the 18 subjects that
could be differentiated by whether steady-state values for the angle h were equal
(‘‘symmetric case’’) or unequal (‘‘asymmetric case’’). For the asymmetric case,
one digit’s force vector eventually pointed the top of the object while the other
digit’s force vector remained essentially normal to the grip surface (Fig. 6a). It
would appear as if one digit (index finger for negative rotations about the d-p axis)
played a supportive role as a pivot point while the other digit (thumb for negative
rotations about the d-p axis) played a more active role to counter the external
torque.

Physics dictates that fingertip forces must create a corrective moment about the
object’s center of mass to counteract an external torque load. The corrective
moment can be created by modifying one’s 3D fingertip force vector and/or digit
placement. While subjects were instructed to grasp the object with both digits
centered on each grip plate, it is possible that some subjects grasped the object
with their digits in direct opposition to one another while others did not. Our
observations suggest that selective digit placement and modulation of fingertip
force direction are two strategies that could be used to counter an external torque
load. However, conclusive remarks about digit roles (if any) cannot be made
without further analyses of digit center of pressure.
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4.6 FDI Activation Timing Suggests Automatic Grip
Responses Distinct from Stretch Reflexes

Whether anticipatory or triggered by a perturbation stimulus, expressions of
automatic or programmed motor responses have been found in the coordinated
changes in fingertip forces during precision grip tasks [11, 16, 23, 24]. It is not
entirely clear which neural pathways are involved in the automatic grip responses,
but reflex loops have been considered. The identification, organization, labeling,
and interpretation of reflex responses remain controversial in the neurophysiology
community. While the application of surface EMG to a single muscle in this study
is insufficient for resolving the long-standing controversies, we can still discuss our
findings in the context of what is currently known about neural pathways asso-
ciated with stretch reflexes and automatic grip responses.

Surface EMG was used to investigate the timing of first dorsal interosseous
activation relative to the onset of perturbation of the grasped object (Fig. 2). The
delays between the onset of perturbation and FDI activation overlap data previ-
ously reported by others for precision grip responses to unexpected loads [25, 35].
While it is physically plausible that the motions imposed on the thumb and index
finger by the external torque loads could have triggered stretch reflexes, most FDI
activation latencies observed in this study (71–89 ms, Table 1) exceeded those
reported by others for tendon jerk and stretch reflexes in muscles of the hand.
Forcible stretching of the flexor pollicis longus in the thumb has been observed to
elicit 25–30 ms short-latency and 40 ms long-latency muscle responses [48].
Other studies have reported 25 ms tendon jerk latencies in the flexor pollicis
longus and 40 ms stretch reflex responses in the flexor pollicis longus and flexor
pollicis brevis in response to jerk-type perturbations of the thumb [49, 50]. FDI
stretch reflex latencies have been described as having a short latency response of
32 ms and a long latency response of 55 ms [51]. If stretch reflexes were triggered,
forces generated from long-latency stretch reflexes would likely be dwarfed by
those resulting from supraspinally-mediated, automatic responses and/or voluntary
responses [52, 53]. In a study that applied unexpected force loads directly to an
object in precision grip or to the hand itself, it was hypothesized that cutaneous
mechanoreceptors in the digital pulps play a larger role in automatic grip force
adjustments than stretch reflexes [25].

5 Conclusion and Future Work

Previous studies [23, 24, 26] had shown that the catch-up response existed for
unexpected translational perturbations of an object in a precision grip. We imposed
unexpected rotational perturbations and found that catch-up responses can also be
elicited by conditions other than pure linear slip or rotational slip at the fingerpad.
The early period of the grip response appeared to be dominated by passive
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mechanics while the later period was dominated by a characteristic active catch-up
response and independent (and often asymmetric) control of fingertip forces at
steady-state. The uniform timing of the catch-up response was consistent with
prior studies on grip responses to translational perturbations [25, 35]. The fact that
qualititatively different load and slip conditions elicited similar catch-up responses
suggests that a pre-programmed increase in normal (grip) force is a hallmark of
human grip responses to unexpected perturbations.

Experiments are currently underway that use haptic devices to impart purely
rotational perturbations and investigate perturbations about the radial-ulnar axis.
While the effects of trial-to-trial learning were not studied here explicitly, it is
possible that some learning took place due to the repetitive nature of the task. The
use of haptic devices helps to minimize effects of learning and anticipation, by
allowing the randomization of perturbation type (linear or rotational), axis, and
direction. Digit placement and center of pressure analyses will also be possible
with the use of force/torque transducers that are highly sensitive at low fingertip
force magnitudes. Surface EMG of additional muscles besides FDI will enable
investigations of coordinated muscle activity, activation latencies, and possible co-
contraction or pre-stiffening strategies.

The results of this study could be used to inform the design of fingertip force
control strategies for artificial hands having sensors that can detect the nature of
perturbations imposed on the grasped object. The finding that grip responses to
unexpected rotational perturbations can be axis-dependent has direct implications
on the kinematic and kinetic control of high degree-of-freedom, anthropomorphic
artificial hands. We previously showed that rotational perturbations elicited
simultaneous ad/abduction and flexion/extension of the thumb carpometacarpal
joint [54]. While the ‘‘catch-up response’’ appears to reflect a ‘‘grip harder’’
strategy, the act of gripping ‘‘harder’’ is not necessarily the result of pure flexion
for human or artificial hands. In order to enact active grip responses beyond the
passive responses of an artificial hand, one will need to consider the 3D motion
and force production capabilities of each fingertip with respect to the load and slip
conditions on the object to be stabilized. Stimulus-specific, automated grip strat-
egies could help to reduce the cognitive burden on the user of a robotic or pros-
thetic hand.
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