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Abstract—Instrumented objects and multipurpose haptic dis-
plays have commonly been used to investigate sensorimotor control
of grasping and manipulation. A major limitation of these devices,
however, is the extent to which the experimenter can vary the inter-
action dynamics to fully probe sensorimotor control mechanisms.
We propose a novel method to study precision grip control using
a grounded robotic gripper with two moving, mechanically cou-
pled finger pads instrumented with force sensors. The device is
capable of stably rendering virtual mechanical properties with a
wide dynamic range of achievable impedances. Eight viscoelastic
force fields with different combinations of stiffness and damping
parameters were implemented, and tested on eight healthy subjects
performing 30 consecutive repetitions of a grasp, hold, and release
task with time and position constraints. Rates of thumb and finger
force were found to be highly correlated (r > 0.9) during grasping,
revealing that, despite the mechanical coupling of the two finger
pads, subjects performed grasping movements in a physiological
fashion. Subjects quickly adapted to the virtual dynamics (within
seven trials), but, depending on the presented force field condition,
used different control strategies to correctly perform the task. The
proof of principle presented in this paper underscores the poten-
tial of such a one-degree-of-freedom robotic gripper to study neural
control of grasping, and to provide novel insights on sensorimotor
control mechanisms.

Index Terms—Damping, haptic interface, mechanical impe-
dance, sensorimotor memory, stiffness, virtual dynamics.

I. INTRODUCTION

GRASPING objects with unfamiliar mechanical properties
and generating appropriate forces for stable manipulation

are tasks that rely on a complex interplay between prediction
of sensory feedback arising from the hand–object interaction
and afferent signals from the hand [1]–[3]. Sensory predictions
can be defined as an internal representation of the mechani-
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cal properties of the object to be manipulated. Sensory predic-
tions are based on an estimation (e.g., from visual inspection)
and/or implicit knowledge from prior interactions, i.e., senso-
rimotor memory [3]–[5]. For example, it has been shown that
humans form internal representations of the weight, texture,
mass distribution, and compliance of manipulated objects in or-
der to apply appropriate interaction forces [6]–[10]. The neural
mechanisms underlying the formation of such models and how
humans learn to adapt their grasp to objects of unknown or
dynamically varying mechanical properties are areas of active
investigation.

While most studies on grasp control focused on interaction
with rigid objects, the grasping of compliant objects with vis-
coelastic properties (i.e., a combination of stiffness and damp-
ing, as encountered in many everyday objects such as a sponge,
a pillow or a plastic cup) is a more complex sensorimotor task,
as both finger position and fingertip force need to be simultane-
ously and continuously modulated. One approach to studying
how humans control grasping of elastic loads is to use instru-
mented objects combining force/torque sensors and passive me-
chanical elements. Several groups have developed instrumented
passive mechanisms with springs of different stiffness to chal-
lenge grip stability and evaluate the role of afferent feedback in
the control of finger force and position [9], [11]–[13]. However,
a major limitation of instrumented objects and passive mecha-
nisms lies in the limited diversity of object properties that can
be experimentally tested. Furthermore, changing properties of
physical objects during manipulation is technically challenging,
thus making it difficult to study grip adaptation to variable dy-
namics or more complex object properties, e.g., with viscoelas-
tic behavior. Most importantly, these approaches do not provide
the experimenter with precise control over the interaction dy-
namics of a given viscoelastic force condition within or across
trials, thus limiting the extent to which interaction kinematics
and dynamics can be accurately measured.

Robotic devices are a promising approach to addressing the
aforementioned limitations, as they can render variable dy-
namic environments under computer control during physical
human–robot interaction. They provide reproducible and well-
controlled force or position perturbations while being able to
precisely quantify the response of the human operator. A handful
of commercial multipurpose haptic devices, such as the PHAN-
TOM Desktop/Premium (Geomagic, USA), the Omega/Delta
(Force Dimension, Switzerland), or the Freedom 6S (MPB
Technologies, Canada), are commonly used for the investiga-
tion of haptic perception and manipulation in virtual reality en-
vironments [14]–[16]. Nevertheless, such multipurpose haptic
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Fig. 1. (Left) overview of the robotic gripper and experimental setup. (Right)
detailed view of the robot presenting the main components of the linear gripper.
Motor M1 actuates the linear gripper, moving the two mechanically coupled
finger pads over a belt transmission. The range of motion of the linear gripper
ROMx corresponds to a grasp aperture of 30–200 mm. Motor M2 actuates the
rotation of the linear gripper over a range of 318◦ (not used in this study and
locked by a brake).

devices are limited in the extent to which they can be used to
investigate grasping dynamics and interaction with virtual ob-
jects of different viscoelastic properties. Specifically, the kine-
matics of most of these devices are optimized for 3-D arm
movements rather than small finger movements, and present
low structural stiffness. Furthermore, the continuous force (typ-
ically below 15 N) that common haptic devices can render limits
the range of virtual mechanical properties that can be stably ren-
dered. These limitations have motivated researchers to develop
custom-made robotic setups dedicated to the study of grasping
[17]–[20]. In particular, Tan and colleagues performed pioneer-
ing work using an electromechanically driven linear grasper to
simulate different dynamic force fields at the index fingertip
of healthy subjects [21]–[23]. The Planar Grasper proposed by
Srinivasan and colleagues extended this approach by introduc-
ing independently controllable finger motion, and the option of
simulating different force fields at each finger during precision
grip [24]. These devices were used to determine human per-
ceptual resolution or thresholds of force, compliance, viscosity,
and mass, and investigate how these are influenced by visual
feedback.

To the best of our knowledge, to date no study has focused
on robotically modulating the interaction dynamics during a
precision grasp-and-release task to investigate grasp control of
variable virtual mechanical properties, nor grasp adaptation over
time. This may be attributed to the lack of robotic devices ca-
pable of stably rendering a high range of interaction dynamics
while precisely monitoring grip aperture and finger forces. Fur-
thermore, in many of the prior studies involving robotic grippers,
measurement of interaction kinematics and dynamics may have
been affected by the mechanical impedance of the device, as
these typically render virtual dynamics in open-loop impedance
control.

In this paper, we propose a method to investigate how healthy
human subjects adapt their precision grip force during dynamic
interactions with viscoelastic force fields rendered by a sin-

gle degree-of-freedom (DOF) robotic linear gripper with high
dynamic range of achievable impedances, and pursue three
objectives. The first objective is to demonstrate the ability of
the robot to render different viscoelastic properties in a trans-
parent, well-controlled, and reproducible manner, i.e., without
the inherent dynamics of the robot affecting the interaction dy-
namics. The second objective is to verify the extent to which
grasping force patterns elicited by the device correspond to
force patterns associated with the grasping of freely held physi-
cal objects, for which subjects have to exert equal and opposite
thumb and index grip forces, despite the mechanical coupling
between the two finger pads. Finally, the third objective is to
present proof-of-concept data from healthy subjects performing
a grasp, hold, and release task with virtual objects of different
combinations of stiffness and damping. We hypothesize that
varying stiffness and/or damping will influence the rate and ex-
tent to which subjects adapt grip force to successfully perform
a precision grasp-and-release task.

II. MATERIALS AND METHODS

A. Apparatus

In the experiments described in this study, we used the Re-
HapticKnob, a robotic linear gripper that can generate high con-
tinuous forces and display a wide range of output impedances
with high fidelity [25], [26] (see Fig. 1). Two adjustable finger
pads mounted on two linear guides fixed to aluminum plates
compose the linear gripper. Each finger pad is connected to the
shaft of a motor-gear combination (M1, Re40, 150 W, and GP
42 C, Maxon Motor AG, Switzerland) through timing belts. As
both finger pads are mechanically coupled, the movement of
the fingers on the linear gripper is symmetrical, even if forces
exerted by the thumb and index finger are different, or not in
synchrony. Half cylinders made from rapid prototyping material
(FullCure720) are used as finger pads, with a guiding groove
into which the index finger and thumb can be inserted and
fixed with Velcro straps. This ensures controlled and repeat-
able finger placement on the device, and offers the possibility
to perform both grasping and releasing movements under load
with the fingers in good contact with the device. A 6-DOF
force/torque sensor (mini40, ATI Industrial Automation, USA)
is mounted under each of the two finger pads to measure the
interaction forces and torques, and is also used for the interac-
tion control (impedance control with force feedback to compen-
sate for the device dynamics [26], leading to a residual static
friction <1.5 N). The position of the finger pads is measured
through encoders (HEDL 5540, 2000 counts per turn, Avago,
USA) mounted on the motor shaft. In addition, two linear po-
tentiometers fixed along the linear guides provide redundant
position sensing for initialization and safety. Encoder, poten-
tiometer, and force sensor signals are acquired with two data
acquisition cards (NI PCIe 6321 and NI PCI 6254, National
Instruments, USA) on a real-time desktop computer (Intel Core
2 Quad 2.83 GHz, 2.0 GB RAM) running LabVIEW Real-Time
10.0 (National Instruments, USA) with a control loop at 1 kHz.
Motor commands are sent to a DC servoamplifier (ADS 50/10
in current mode, Maxon Motor AG, Switzerland) that drives
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TABLE I
RELEVANT PERFORMANCE CHARACTERISTICS OF THE LINEAR GRIPPER

[25], [26]

range of motion linear guide range: 85 mm
finger aperture: 30-200 mm

position resolution 0.0024 mm/count
peak velocity 520 mm/s
peak acceleration 13.25 m/s2

continuous force 88 N
peak force 1181 N
grip force sensing range: ±80 N

resolution: 0.02 N
static friction noncompensated: 6 N

compensated: <1.5 N
compensated apparent mass 0.8 kg
closed-loop position bandwidth 6.6 Hz
closed-loop force bandwidth 9.3 Hz

the motor of the linear gripper. Continuous forces of up to
88 N in both opening and closing directions can be generated.
Mechanical end stops are placed to limit the range of the linear
gripper (i.e., grip aperture) from 30 to 200 mm. The linear grip-
per unit is mounted on ball bearings, and a second motor-gear
combination (M2, Re35, 90 W, and GP 32 HP, Maxon Motor
AG, Switzerland) actuates its rotation over a timing belt. This
second DOF is mechanically decoupled from the linear gripper.
This rotational DOF was not used in this study, and was locked
with a magnetic brake during all experiments, holding the linear
gripper in a horizontal position. Table I summarizes the main
properties of the haptic device used in these experiments. For a
more detailed description of the mechanical design and control
scheme, refer to [25] and [26].

B. Rendering of 1-DOF Viscoelastic Force Fields

Force fields of different viscoelastic properties were imple-
mented as spring-damper components of different stiffness K
and damping B, which are active from a specific contact point
(i.e., force field boundary) x0 in the range of motion of the linear
gripper. The force F experienced by the user when in contact
with the virtual object is given by

F (x, ẋ) =

{
K(x − x0) + Bẋ , x > x0

0 , x ≤ x0
(1)

with F being the force generated at each finger pad of the linear
gripper, x the actual position, and ẋ the velocity of the finger
pad along the axis defined by the linear gripper.

Eight viscoelastic parameter combinations were implemented
and evaluated for the experiments described herein (see Ta-
ble II). In the first four conditions (C1–C4), the stiffness K was
modulated and the damping B remained constant, while in the
last four conditions (C5–C8), the damping was varied while
keeping the same stiffness. This choice of parameters was mo-
tivated by the goal of separately investigating the effect of mod-
ulating compliance or viscosity of the resisting force, which
can hardly be achieved in an accurate and reproducible man-
ner using instrumented physical objects. The proposed range
of stiffness and damping coefficients was empirically chosen

TABLE II
COMBINATIONS OF STIFFNESS K AND DAMPING B OF THE VISCOELASTIC

FORCE FIELDS PRESENTED TO SUBJECTS

Condition Stiffness K Damping B

C1 0 N/mm 0.02 Ns/mm
C2 0.25 N/mm 0.02 Ns/mm
C3 0.5 N/mm 0.02 Ns/mm
C4* 1 N/mm 0.02 Ns/mm
C5 0.5 N/mm 0 Ns/mm
C6 0.5 N/mm 0.05 Ns/mm
C7* 0.5 N/mm 0.1 Ns/mm
C8 0.5 N/mm 0.2 Ns/mm

*conditions performed by all eight subjects.

within the range that can be rendered by the robotic gripper
in a stable way [26], and considering the human compliance
and viscosity resolution [21], [23] to render virtual mechanical
properties that subjects would be able to distinguish. Additional
considerations were that a maximal force of 20 N to be applied
by each finger (40 N reflected on the motor shaft) should pre-
vent fatigue during repeated interactions with the rendered force
field.

C. Grasp, Hold, and Release Task

A task consisting of three different phases, 1) grasp, 2) hold,
and 3) release, was implemented on the robotic gripper to ex-
plore sensorimotor control during grasping in force fields of dif-
ferent viscoelastic properties. During the entire task, the robotic
gripper simulated one of the combinations of stiffness and damp-
ing presented in Table II.

Grasp: This phase required controlling the linear horizontal
movement of a cursor represented by a square box [40 mm ×
40 mm; see Fig. 2(b)] displayed on a monitor placed in front of
the subject. The cursor had to be moved from a start position,
represented by a white rectangle (50 mm × 50 mm) on the right
side of the screen, to a target position, represented by another
white rectangle on the left side of the screen, by pinching the
finger pads of the robotic gripper with the thumb and index
finger. The cursor movement was scaled to correspond to a
20-mm movement of each of the finger pads, starting from a
grip aperture of 85 mm. These values were selected based on the
literature to ensure a grip aperture suitable for most participants
during each phase of the task [27], [28]. The movement of
the finger pads was kept constant for each condition, requiring
subjects to produce varying force levels over a constant distance.
For example, with a stiffness K = 1 N/mm, a force of 20 N was
required for each finger to maintain the cursor on the target,
while for a stiffness K = 0.5 N/mm, a force of only 10 N
was required for each finger. A time window of 500 ± 100 ms
was allowed to successfully move the cursor within a ±1 mm
error tolerance window. The time constraint required subjects
to perform fast movements, and thus, to rely primarily on feed-
forward control to successfully achieve the task [3]. Indications
for the timing of the task were provided through visual (red
blinking indicator) and auditory cues (i.e., two preparation beeps
followed by a 500-ms execution beep aligned with the successful
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Fig. 2. Grasp, hold, and release task. (a) subjects were asked to grasp, hold,
and release the linear gripper using their thumb and index finger in opposition
(precision grip). The gripper rendered a viscoelastic force field, modeled as a
spring-damper element of stiffness K and damping B. The grasp task consisted
in a 20-mm movement of each finger pad (the movement of the two pads is
mechanically coupled), from the rest position x0 (85-mm grip aperture), where
the subject entered the force field, to the target position xt . (b) visual feedback
on the task was given to the subject by means of two white boxes representing
x0 and xt and a horizontally moving cursor displayed on a monitor. (c) a time
constraint of 500 ± 100 ms was given for the grasp and release movements,
whereas the duration of the hold phase was 3 s. Indications on the timing were
provided through audio beeps and a blinking timing indicator displayed on the
monitor above the target box. After the completion of each grasp or release
movement, feedback about the timing (i.e., too fast!, too slow!, or good timing!)
was provided.

completion time window). After the completion of each grasp
trial, a feedback on the timing (e.g., too fast!, too slow!, or good
timing!) was displayed on the monitor to motivate subjects and
encourage learning of the task (see Fig. 2).

Hold: After reaching the target window, subjects were asked
to hold the position for 3 s (indicated by auditory cues), and
maintain the applied force. This duration was chosen to allow
for enough time for subjects to stabilize the grip on the target
before the onset of the release phase, while keeping the duration
of force application short in order to prevent fatigue.

Release: The grasp force applied against the viscoelastic re-
sisting force was released, which corresponded to a movement
of the cursor back to its start position (represented by the white
rectangle on the right side of the screen). Subjects were thus
required to control the motion of the robot as the elastic en-
ergy stored in the virtual spring-damper element during the
hold phase was released. As for the grasp phase, a time con-
straint (500 ± 100 ms) and a precision constraint (±1 mm error
tolerance on the position to reach) were given for successful
task completion. Similarly, indications for the timing of the
task were given through visual and auditory cues, and timing
feedback was displayed after the completion of the movement
(terminal feedback).

One task trial corresponded to the execution of the three
phases described previously. After the completion of a trial, a
3-s rest period was given during which subjects did not apply
any grip force on the finger pads. At the end of this rest period,
the auditory cues indicating the start of the grasp phase of the
next trial were presented.

D. Pilot Study

Eight subjects (S1–S8, six males and two females, 34.6 ±
3.7 years old (mean±SE), six right- and two left handed) par-
ticipated in a pilot experiment in which they were presented
with four pseudo-randomly selected conditions among the ones
described in Table II. Subjects could not anticipate the char-
acteristics of the upcoming viscoelastic force field on the first
trial of each block, but were instructed that these characteristics
would remain the same across the entire block of trials. To allow
for group data analysis, all subjects practiced in conditions C4
and C7. This choice was motivated by the desire to have one
representative condition dominated by a high stiffness compo-
nent (i.e., C4) and one representative condition dominated by a
high damping component (i.e., C7). The other two conditions
were pseudo-randomly selected from the eight parameters com-
binations. For each condition, subjects performed blocks of 30
consecutive trials to investigate grasp force adaptation during
repeated dynamic interactions with each force field. The move-
ment amplitude and the size of the target were kept fixed across
all experimental conditions. Before the task, subjects were in-
structed on the conditions for a successful grasp, respectively,
release (i.e., meeting both spatial and temporal constraints),
but no instructions on how to modulate grip force during the
task were provided. A 2-min break was given following each
condition. The total duration of an experimental session was
about 20 min.

For the entirety of the experiment, subjects sat on a chair
positioned on the side of the robotic gripper, with their fore-
arm resting on an adjustable padded support. The support was
oriented with a 30◦ angle with respect to the robot to ensure
a neutral wrist posture (i.e., in line with the forearm) when
placing the fingers on the gripper (see Fig. 1). The height of
the robotic gripper was adjusted to the subject to allow for
a comfortable posture, via an actuated vertical column. This
column fixes the vertical position of the gripper and supports
its weight so that no load force (i.e., orthogonal to the grip)
is required during precision grip. The thumb and index finger
of the subjects dominant hand were fixed to the finger pads
using Velcro straps. The experimental procedures were in ac-
cordance with the Declaration of Helsinki and approved by the
ethics commission of the ETH Zurich (EK-2012-N-28). Sub-
jects gave their written informed consent before performing the
experiment.

E. Data Analysis

During the entire task, the normal interaction forces between
the thumb/index finger and the respective finger pad (Fthumb
and Findex , respectively) as well as forces and torques in other
directions were recorded and stored for offline analysis. The
position of the linear gripper was recorded simultaneously us-
ing the encoder signal. To simplify presentation of the results
and given the mechanical coupling between the two finger pads,
the x position is reported here as the movement of one of the
finger supports with respect to the contact point with the force
field boundary x0 , rather than as grip aperture (see Fig. 2).
Velocity signals were differentiated from position data and
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low-pass filtered using a second-order Butterworth filter with
a cutoff frequency of 20 Hz. Force signals were also low-pass
filtered using a second-order Butterworth filter with a cutoff
frequency of 20 Hz.

1) Validation of Viscoelastic Force Field Rendering: For the
purpose of validating the quality of the dynamic interaction with
the viscoelastic force fields simulated by the robotic gripper, the
actual stiffness force Fk and damping force Fb experienced by
the user during the grasp phase were estimated from (1) by sub-
tracting the theoretical damping (2) or stiffness (3) component
from the applied force F (mean of thumb and index normal
forces), respectively.

Fk (x) = Ke(x − x0) = F (x, ẋ) − Bẋ (2)

Fb(ẋ) = Beẋ = F (x, ẋ) − K(x − x0). (3)

For each trial, a linear regression was performed to estimate
the experienced stiffness Ke and damping Be .

2) Estimation of Temporal Coupling Between Fingertip
Forces: For a rigid or a compliant object, grip force equilib-
rium is established by ensuring that digit grip forces match and
that they are temporally coupled [29]. As our haptic device
is grounded to a table and the two graspable surfaces (finger
pads) are mechanically coupled, this constraint of mechanical
equilibrium is removed. Therefore, grasping in the rendered
1-DOF viscoelastic force field could theoretically be achieved
even when only one digit pushes on one finger pad, or when
forces exerted by thumb and index finger are not temporally
coupled. These considerations motivated the quantification of
the temporal coordination of grip forces to determine the extent
to which our device could replicate the physiological force co-
ordination pattern observed during grasping of physical objects.
Cross-correlations between the rate of thumb normal force and
the rate of index finger normal force, i.e., the first time derivative
of the normal forces, were computed. Force rates were preferred
to forces to obtain a more sensitive measure of the phase relation
between the two force signals and account for their nonstation-
arity [17]. Time lags between signals were varied from −100 to
100 ms, and the phase lag at which the correlation is maximal
was calculated.

3) Adaptation to Viscoelastic Force Fields: To further quan-
tify grasping performance and learning, the time required to
complete the grasp was computed. Task dynamics were eval-
uated by measuring peak velocity and time to peak velocity
during the grasp. Note that the analysis on adaptation presented
in this paper focuses on the grasping phase of the task only, as
this is–behaviorally–the most relevant aspect of the adaptation
to a viscoelastic force field. The primary aim of this study is to
present proof-of-concept data on the quality of the interaction
with the robotic gripper, and how the grasp dynamics are influ-
enced by different mechanical properties. The detailed analysis
of adaptation during the hold and release phases, and how it is
influenced by the performance in the grasp phase are beyond
the scope of this paper and will be the focus of subsequent work
with a larger pool of subjects.

(a) (b)

(c) (d)

Fig. 3. (a) Position and (b) force data during one representative trial of subject
S1 in condition C8. Grasp, hold and release phases are indicated by the shaded
areas. In condition C8, the virtual spring-damper element has a stiffness of K =
0.5 N/mm and a viscosity of B = 0.2 Ns/mm. (c) and (d) represent the actual
stiffness (Fk ) and damping (Fb ) experienced by the subject during interaction
with the rendered force field, respectively. Dashed lines represent the modeled
stiffness and damping of the viscoelastic force field, respectively.

III. RESULTS

A. Validation of the Rendered Viscoelastic Force Fields

All subjects were able to complete the grasp, hold and re-
lease task. Position and normal force data in the three phases
of a typical trial performed by one representative subject are
shown in Fig. 3(a) and (b). As expected, the normal forces
applied by the thumb and the index fingers are similar in am-
plitude and well coordinated during the grasp, hold, and re-
lease phases, despite the mechanical coupling between the two
finger pads. This behavior was observed in more than 90%
of the trials for all subjects. Horizontal and vertical tangential
forces were also recorded and were found to be typically be-
low 2 N, as the motion was purely along the grasping axis. To
examine the interaction dynamics with the viscoelastic force
field, stiffness (Fk ), and damping (Fb ) components of the grasp
force applied by each finger during the grasp phase of the task
were calculated [see Fig. 3(c) and (d)]. The stiffness and damp-
ing experienced by the user corresponded well to the desired
viscoelastic properties of the rendered force field, with Ke =
0.497 N/mm and Be = 0.201 Ns/mm, i.e., they were not al-
tered by the apparent dynamics of the haptic device, which
were well compensated by the impedance control with force
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Fig. 4. Left: cross correlations of thumb normal force rate and index finger normal force rate during grasp, hold, and release phases, averaged across all trials
(mean ± 95% confidence interval) for each of the experimental conditions (C2, C4, C7, C8) of one representative subject (S1). The cross-correlation coefficients
at 0 s lag of all phases (r) are reported in the table. Right: evolution of cross-correlation coefficients over the 30 trials of condition C4 for the three phases of the
grasp and release task (mean over the eight subjects ± SE).

feedback scheme. Over all conditions and subjects, the average
discrepancies between desired stiffness (damping) and the expe-
rienced stiffness (damping) were 0.039 N/mm (0.004 Ns/mm).
The hysteresis of the robot rendered force fields during grasp
and release of the end-effector was investigated separately by
successively performing grasp and release movements in the
representative conditions C1, C3, C5, and C8. Hysteresis was
found to be below 2 N in all conditions, therefore not affect-
ing the impedance rendering perceived in the different phases
of the task.

B. Temporal Coordination of Digit Forces

The cross-correlation coefficients of force rates during
grasp, hold, and release phases, averaged across all 30 trials
(mean±95% confidence interval) and for the four experimental
conditions (C2, C4, C7, C8) performed by one representative
subject are shown in Fig. 4. A high correlation between rates
of normal forces was found for all phases of the task during
which the subject actively applied force against the viscoelastic
force field. The average lag at which the correlation was maxi-
mal ranged between −2.3 and 5.9 ms in all conditions for this
subject. A similar behavior was observed for all other subjects
and experimental conditions, with an average (SE) correlation
of 0.958 (0.016) for the grasp phase, 0.821 (0.016) for the hold
phase and 0.956 (0.014) for the release phase, and average lags
ranging from −10.0 to 6.3 ms. Moreover, the high level of coor-
dination between index finger and thumb was maintained over
the entire sequence of 30 trials of a condition (see Fig. 4). These

data indicate that subjects actively used both fingertips in a co-
ordinated fashion to generate forces on the finger pads and move
them against the different viscoelastic force fields. Furthermore,
the difference in magnitude between index and thumb forces re-
mained small over all conditions and subjects, with an average
(SE) difference of 2.02 N (0.26 N).

C. Adaptation to Viscoelastic Dynamics
During Precision Grip

Subjects were able to complete the grasp-and-release task
under each condition rendered by the robotic gripper, reach-
ing the target within the temporal and spatial constraints af-
ter a few trials. Fig. 5(a) shows the learning curves computed
over the 30 trials averaged across all subjects for the two
experimental conditions performed by all eight subjects (C4
and C7). In both conditions, subjects performed poorly in the
first trial, with an average (SE) movement duration of 1496 ms
(169 ms) for C4, and 1355 ms (329 ms) for C7. This was ex-
pected as this initial trial corresponded to the first exposure to
the unknown viscoelastic properties. In condition C4, subjects
required about seven trials to successfully reach the target and
perform the grasping movement within the time constraint (rep-
resented by the shaded area). In condition C7, subjects were able
to successfully perform the task on their second trial. Further-
more, the within-subject performance variability was marginally
smaller in condition C7 (paired t-test, p = 0.057).

Fig. 5(b) shows the time course of grasp velocity profiles
averaged over groups of five trials for one representative sub-
ject (S1) for conditions C4 and C7 to illustrate how this subject
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(a) (b) (c)

Fig. 5. (a) mean±SE over the eight subjects of the grasp duration, i.e., the time to reach the target position xt , for condition C4 (top) and condition C7 (bottom).
Shaded areas represent the time constraint of 500 ± 100 ms for the movement to be considered successful. (b) evolution of the velocity profile during grasping
movements for conditions C4 (top) and C7 (bottom) of one representative subject (S1). Velocity profiles were first normalized over the movement duration, and
then averaged over groups of five trials. The mean velocity with 95% confidence intervals is presented for each block of trials. (c) evolution of time to peak velocity
(top) and amplitude of peak velocity (bottom) for conditions C4 and C7 (mean±SE for the eight subjects).

adapted to different task dynamics. In the first group of trials
of interaction with a high stiffness and low damping force field
(C4), multiple velocity peaks can be observed, with a gradual
decrease over the subsequent trials. Due to the high rendered
stiffness, the robotic gripper generated a large resistance dur-
ing motion, and a large rate of change of resistance, which in
the absence of damping led to a more unstable grasp. In the
case of a higher damping force field (C7), oscillations in the
velocity profiles are reduced, even for the initial trials. To fur-
ther illustrate differences in grasp dynamics caused by different
viscoelastic properties, Fig. 5(c) presents group data for the tim-
ing and amplitude of the velocity peak of the grasp movement.
Interestingly, despite the different viscoelastic force field prop-
erties, the timing of the velocity peak is similar among both
conditions. With the exception of the first trial, during which
subjects were exposed to the force field dynamics for the first
time, they quickly adapted their grasp to produce peak velocity
around 150 ms after the onset of movement. Conversely, the
amplitude of the peak velocity shows a different behavior for
each condition. In condition C7, peak velocity remained small
in all subjects due to the higher damping. In condition C4, the
learning of the task was associated with a progressive increase
in peak velocity.

IV. DISCUSSION

A. Validation and Methodological Considerations

In this paper, we presented a novel method to investigate the
dynamic control of two-digit grasping under well-controlled
and reproducible conditions. We report on validation analyses

and proof-of-concept data from a grasp, hold, and release task
involving interactions with different 1-DOF viscoelastic force
fields. The main results of this study are consistent with findings
from previous studies that investigated grasping of compliant
physical objects [9]. During grasping, holding, and releasing
within the viscoelastic force fields, normal forces applied by the
thumb and index finger were similar in amplitude and character-
ized by a high degree of temporal coordination (see Fig. 4). This
behavior is expected from interaction with rigid objects during
precision grip. However, when using our robotic gripper, the
movement of the fingers is mechanically coupled when subjects
grasp within the resistive viscoelastic force field, i.e., the task
could have been accomplished by using only one finger to press
against the respective finger pad. Nevertheless, cross-correlation
analysis showed a high correlation between the rates of thumb
and index finger forces during the grasp, hold, and release phases
of the task, and lags between these signals were found to be be-
low 10 ms across all trials and subjects. These data demonstrate
that subjects exerted forces and generated motion in a coor-
dinated fashion with thumb and index finger while interacting
with the robotic gripper and that, despite the additional con-
straint introduced by the mechanical coupling of the pads, sub-
jects performed the grasp in a physiological fashion. Correlation
coefficients were found to be stable over 30 trials of a condition,
further indicating that subjects did not progressively modify
their grip pattern to take advantage of the mechanical coupling
of the finger pads. This validates the single DOF robotic lin-
ear gripper and the proposed method as a suitable tool to study
precision grip control.
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B. Adaptation of Grasp Control to Virtual Object
Viscoelastic Properties

All subjects were able to perform the grasp-and-release task
for each experimental condition. Subjects typically learned the
force field dynamics and generated suitable patterns of grasping
forces within the first seven trials (see Fig. 5). These results are in
agreement with previous studies using real objects with unpre-
dictable mechanical properties, showing that only few trials are
needed for the adaptation of digit force distribution [10], [30].
An analysis of the trial-to-trial evolution of velocity profiles
revealed that subjects adapted their motor behavior differently
depending on the viscoelastic properties of the force field. In all
conditions, a progressive blending of grasp submovements could
be observed, thus confirming that, over trials, subjects learned
to perform the task in a smoother way (reduction in the number
of velocity peaks), requiring less corrective actions [31], [32].
The time course of force development during the grasping phase
was similar among all conditions and this finding is consistent
with the results of Winges and colleagues who found no change
in grip force temporal coordination pattern during three-digit
grasping of objects with variable compliance [9]. Neverthe-
less, peak grasp velocity differed across conditions. In the task
conditions investigated herein, force fields with high stiffness
and low damping (e.g., C4) allowed for fast movements, but
required corrective actions to stabilize oscillations. In the initial
trials, multiple velocity peaks could be observed. This profile is
considered indicative of feedback-driven corrective force mod-
ulation during initial interaction with the unknown force field.
This behavior progressively disappeared over trials, giving way
to mostly one main bell-shaped velocity peak of higher am-
plitude, a phenomenon normally associated with anticipatory
(feed-forward) force modulation [2]. Force fields with higher
viscosity (e.g., C7), although limiting peak velocity, provided
more stability when applying fast positional changes, which
resulted in fewer oscillations during the grasping. These two
behaviors might well result from the selection of different con-
trol strategies modulated as a function of the perceived object
properties and might reflect different levels of difficulty expe-
rienced by the subject. The differences in task difficulty could
be due to a more efficient coupling between the impedance ren-
dered by the robot and the impendance of the human hand (as
reported in [12] and [32]–[35]) in conditions where the rendered
stiffness is low (overdamped system (C7) versus underdamped
system (C4)). These observations should nevertheless be taken
with caution, as the present proof-of-concept study was limited
by a relatively small number of participants, and by only two
conditions that were performed by all participants. The adap-
tation to different viscoelastic forces itself needs to be investi-
gated in more depth and will be the object of future work, e.g.,
to explore which parameter combinations maximally challenge
subjects during sensorimotor adaptation to object viscoelastic
properties.

The proposed robotic approach to investigate precision grip
control offers several advantages. First, mechanical properties
of the force fields rendered by the robotic gripper can be mod-
ified without any visually perceivable changes to the setup, on

a condition or even trial-by-trial basis. It is well known that
subjects can associate visual object cues such as size or shape to
the weight or mass distribution of the object, and that these cues
play an important role in the anticipatory control of digit forces
for grasping [8], [36]–[38]. Being able to vary properties of an
object to be grasped without changing the visual appearance
is thus crucial to the investigation of sensorimotor adaptation
mechanisms to mechanical object properties. Second, the per-
formance of the robotic gripper offers the possibility to render a
wide range of virtual mechanical properties, such as more com-
plex or unnatural force fields, as any parameter combination
within the tested values and even beyond (e.g., negative damp-
ing) could theoretically be rendered by the system. The linear
gripper is capable of generating continuous forces over 80 N,
has low residual friction (below 1.5 N, thanks to impedance
control with force feedback), and a force control bandwidth of
about 9 Hz [26], which is greater than that of voluntary human
finger movement [39]. Furthermore, the end-effector-based de-
sign of the linear gripper with exchangeable finger pads allows
to cope with a wide range of grip spans ranging from 30 to
200 mm, making it versatile and easily adaptable to different
hand sizes and shape. These characteristics go beyond what
is currently possible with most commercially available haptic
devices, or robotic linear grippers designed to provide short
force or position perturbations. Finally, the ability of the robot
to precisely quantify fingertip forces, both along and transverse
to the direction of movement, as well as grasp aperture dur-
ing interaction with viscoelastic force fields, promises a novel
method to investigate the transition between motion and force
generation during object grasping [40]. As limitations of the
linear gripper, we should underline that the gripper is fixed
in the vertical direction, therefore, not allowing the investiga-
tion of grip/load coupling during grasping and lifting of virtual
objects.

C. Potential Implications for the Study of Sensorimotor
Control of Grasping and Rehabilitation of Hand Function

The proof of principle presented in this paper demonstrated
that a linear gripper with two mechanically coupled moveable
finger pads (i.e., 1 DOF) is an adequate model to study physio-
logical precision grip. In the field of biomechanical engineering,
this impacts design guidelines for rehabilitation devices, neu-
roscience tools, or biomedical instruments interacting with the
human through precision grip, potentially leading to the devel-
opment of simpler devices.

Our study further underscores the potential of a robotic ap-
proach to investigate precision grip control and opens several
research avenues. The proposed method provides a novel tool
to investigate grip force adaptation mechanisms to various force
fields, and has the potential to provide novel insights on how
object mechanical properties are perceived, encoded/updated,
and retrieved during explorative object interaction, allowing to
test theoretical frameworks of motor control and learning. Ap-
plied to neurologically impaired subjects, the developed method
bears multiple promises. Impairment in precision grip force con-
trol during manipulation of rigid objects is well documented
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[41]–[44], but it has been less studied in the case of nonrigid ob-
jects. The proposed method will allow to investigate whether a
1-D linear gripper can assess pathological behavior during pre-
cision grip (e.g., improper finger force coordination, force mod-
ulation and force direction). Furthermore, it will give insights
on whether the ability to adapt to unknown precision grip dy-
namics is impaired in neurological patients, by quantifying the
evolution of behavioral readings. This has the potential to influ-
ence the design of novel hand rehabilitation platforms, as well as
the implementation of rehabilitation exercises focusing on pre-
cision grip, to render loads with specific viscoelastic properties
to challenge neurological patients.
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