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ABSTRACT

Standard approaches to mapping force to displacement or force to
velocity with multi-DoF isometric haptic devices typically ignore
the directional variability in a user’s feasible wrench. We demon-
strate that such a directionally-uniform mapping tends to either
over-sensitize the interaction in some directions or under-utilize the
user’s operational range. To increase the effective use of the user’s
operational range it is necessary to model that range across all di-
rections; for high-dimensional devices that measure wrenches (i.e,
forces and torques) the space of directions is non-trivial to model by
sampling. We present an approach that uses in-depth measurement
of the feasible wrench space of a small number of users to extract
a generic model for a given device interaction context; the generic
model can then be automatically fitted to other users through a small
number of measurements. In a user study comparing our method
against the standard directionally-uniform assumption we show that
our method generates a significantly better estimation of a user’s
output range, while requiring only a few measurements.

1 INTRODUCTION

Isometric force exertion on a manipulandum is an effective mecha-
nism for haptic interaction. It can be used in purely passive devices
(such as a 2-DoF pointing Stick, or 6-DoF SpaceMouseTM [1]), or
to extend the effective workspace of active devices with small phys-
ical workspaces [6]. Combining the isometric interaction with other
output modalities allows for the creation of a perception of active
force-feedback (or pseudo-haptics [7]). This kind of multi-modal
isometric interaction can be combined with different control strate-
gies (e.g., rate-control, or force-to-displacement mapping) to allow
for effective haptic interaction with virtual environments.

In order for a haptic device to be most effective, the system
should be calibrated to maximize the operational range; for most
force-feedback haptic devices the operational range is determined
by the capabilities of the device, as the limiting factor is the device’s
maximum force output. In general, grounded isometric devices do
not have this constraint — a strain-gauge or other force sensor can
be calibrated to measure forces well in excess of the maximum a
human user can exert. In spite of this capability, in many isometric
haptic devices (e.g., IBM TrackpointTM, Synaptics TouchStykTM,
3DConnexion SpaceMouseTM [1]) the operational range is usually
fixed within a small subset of the user’s feasible range. This repre-
sents a loss of interactivity-bandwidth that could be used to improve
the efficiency of haptic task performance.

Different methods of mapping force to translation and torque to
rotation have been studied [3, 9, 13], but in general all directions are
treated uniformly: a single force-to-output transfer function for all
translation [10] or all rotation [5], or a pair of transfer functions for
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Figure 1: Artist’s rendition of the apparatus used for sampling a sub-
ject’s Maximum Voluntary Wrench. Inset left/right: the subject’s view
during a force/torque sampling trial.

translation and rotation in 6-DOF devices [1]. Due to the configura-
tion of the musculoskeletal apparatus, a user’s feasible output force
is highly anisotropic across different directions (as we illustrate in
our experimental results). When operating in a volume that is a
small subset of the user’s feasible range isotropic transfer functions
cause few problems — if the force necessary for controlled interac-
tion is sufficiently easy to produce then the relative easiness of force
production in different directions is not a performance factor. How-
ever, when making fuller use of the user’s feasible range a uniform
transfer function will either significantly over- or under-emphasize
certain directions.

A typical application is the use of isometric force-reaching tasks
in a virtual environment to investigate human motor-control sys-
tems. How the central nervous system generates the appropriate
contact forces for precise control of haptic interactions is still an
open question in motor neuroscience [4]. A deeper understanding
of the neural control of tool manipulation may be essential for the
development of more usable and transparent interfaces. To investi-
gate the neural control of isometric haptic interactions we have de-
signed an apparatus in which subjects control a virtual 6-D cursor
by applying wrenches to a mechanically grounded, instrumented
handle attached to the wrist; the subjects attempt to reach visible
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targets while various perturbation schemes are applied to the map-
ping from applied force/torque to cursor translation/rotation. In
order to allow for reasonable comparison of performance — both
between subjects and between different directions for a single sub-
ject — it is necessary to assign targets that are appropriately scaled
for a subject’s feasible output. Likewise, to present meaningful
visual feedback to the subject, we need to scale a subject’s out-
put wrench to displayed translation/rotation in such a way that the
wrench-region-of-interest for the experiment maps well to the vi-
sual workspace (i.e, not so large as to move offscreen, but not so
small as to make differences in wrench difficult to perceive).

Human factors studies have gauged the force output capability
of individual joints [11], and literature in the biomechanics field
has addressed the problem of modelling human neuromuscular out-
put (see [12] for a review), but constructing and calibrating such a
model to accurately estimate the range of endpoint wrenches a user
can exert would be prohibitively expensive. Our proposed solu-
tion is to leverage the similarity of the musculoskeletal plant across
subjects by constructing a data-driven low-dimensional model of a
generic user’s operational range from a small set of users; we can
then calibrate this generic model for new users using measurements
of the maximum force capability in just a few directions.

The remainder of this paper is organized as follows. In Sec-
tion 2 we present some theoretical background to our approach to
characterizing a subject’s feasible wrench space in a 6-DOF set-
ting. Section 3 describes the experiment we performed to obtain
a low-dimensional space in which to characterize a subject’s fea-
sible wrench space. In Section 4 we describe how we use this
low-dimensional characterization to calibrate an estimate a sub-
ject’s feasible wrench space using only a small number of samples;
we compare the effectiveness of our calibration approach with the
typical uniform force/torque normalization. In Section 5 we draw
conclusions about the utility of our approach for calibrating the op-
erational range of isometric haptic devices.

2 THEORETICAL BACKGROUND

In the idealized view of our experimental setup, the subject’s mus-
culoskeletal apparatus is completely fixed in a particular posture,
and isometric end-point wrenches are generated by the linear com-
bination of wrenches from n muscles. In this view, the subject’s
Maximum Voluntary (endpoint) Wrench (MVW) space is the inte-
rior of an m-vertexed polytope in R6, with m≤ 2n (i.e., the convex
hull of the wrenches generated by every possible combination of the
maximum exertion of each muscle). Assuming independent activa-
tion of each muscle, the MVW is a reasonable first-approximation
of the volume of R6 in which the subject can perform controlled
manipulation of the isometric haptic device. (Whether the hu-
man motor control system makes use of the full independence-of-
activation of the muscles is an open question that is a main focus of
the motivating investigation, but the MVW space is a useful classi-
fication of the subject’s range.) A “perfect” normalization to MVW
would consist of characterizing any endpoint wrench w ∈ R6 as
w′ = w

ŵ , where ŵ is the intersection of the ray ~w with the MVW
polytope. Thus any target could be expressed as a fixed percent-
age of MVW in a particular direction; likewise, any output wrench
could be scaled for display based on the MVW in that output di-
rection. However, run-time calculation/lookup of ŵ is relatively
complex, and per-subject sampling of every vertex in a subject’s
MVW polytope is virtually impossible. Sampling an estimate of
the MVW polytope is feasible in subspaces of R6 (e.g., sampling
a number of directions in the x-y force plane), but the number of
(physically tiring) samples needed to even sparsely sample a 6-D
hypersphere is prohibitive for our application (as it would be for
most others).

Our approach is to construct a low-dimensional model with
which to describe the MVW space. The MVW that a user can

generate in one direction may be significantly different from that
of another direction, and may also differ from the the MVW of
another user, but due to the similar arrangement of joints and mus-
cles with which the different users apply the wrenches there will
be similarity in the shape of their MVW spaces (i.e., the relative
magnitudes of MVW in different directions). We can take advan-
tage of this similarity by performing an in-depth characterization
of the shape of the MVW space for a small number of users and
identifiying a sparse set of sampling directions that can be used to
calibrate a generic shape for subsequent users. Without knowing
the direction of the MVW space’s boundary vertices (i.e., knowing
the effective direction of each muscle’s activity in a particular pos-
ture) a full characterization of the MVW shape can be impractical
to sample even for a single subject; consider that just to sample all
combinations of positive/negative axial directions in 6-D involves
measuring a user’s maximum effort in 728 directions (36−1), and
that even that much provides somewhat sparse coverage of the 6-D
hypersphere. We address this problem of dimensionality by settling
for sampling an approximation of the full MVW space. By consid-
ering force and torque separately, we can sample two 3-D spaces in
sufficient directions to provide a reasonably confident description
of an approximate MVW space, with the observation that the more
thorough one can afford to be in the sampling of the preliminary set
of users the more robust an estimate of the true MVW space one
will be able to calibrate for subsequent users.

3 METHODS

In order to apply and test our feasible wrench space calibration
method, we conducted a user study in which we measured the
MVW space of 5 subjects; 4 of these subjects’ results were used
to estimate a generic MVW shape, while the remaining subject’s
results were used to validate the estimate. Below we describe the
apparatus we used to measure the subjects’ exerted wrenches, and
the protocol for sampling their MVW.

3.1 Apparatus
The central component of our apparatus is a fixed handle instru-
mented with a 6-D force/torque sensor [2]; subjects grasp and ma-
nipulate the handle, and the exerted wrench is recorded. In order to
maintain a consistent posture throughout the experiment, the sub-
ject’s torso is restrained by shoulder straps, and the subject’s fore-
arm is held by an inflated cuff inside a tube; the tube is attached
to the handle (and the f/t sensor) so the subject is effectively exert-
ing wrench with the arm — wrist forces are internalized (though
they do play a minor role, in that the user’s grasp of the handle pre-
vents rotation of the forearm within the cuff). The subject’s view
of the actual hand and handle is obscured by a mirror that reflects
the display of an overhead monitor; commercial shutter-glasses [8]
are used to provide a stereoscopic visual display. In this framework
the experiment is structured as an interaction with a co-located hap-
tic/graphic virtual environment (see Figure 1).

3.2 Experimental Protocol
For each subject the experiment consists of a series of trials in
which a visual target is presented and the subject attempts to ex-
ert a maximal force/torque in that target direction. For clarity, we
chose to only present targets that are purely force or purely torque;
we present pure force targets in each of the axial and cross-axial di-
rections (26 directions), and likewise present rotation targets about
each of these directions. Force targets are presented as a straight
arrow originating at the actual position of the subject’s hand, while
torque targets are presented as an axis of rotation and a curved ar-
row (see Figure 1 insets).

As the subject applies wrenches to the handle in response to the
target stimulus, the f/t sensor attached to the handle samples the
wrench (at 1 kHz), and the sampled wrench is graphically rendered
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(b) Maximum Voluntary Torque

Figure 2: Maximum Voluntary Force/Torque for the 4 subjects used to estimate the generic MVW shape.
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(b) Torque PCA

Figure 3: Dominant principal componenents for (a) force and (b) torque.

in the virtual environment. For trials involving pure-force targets
the subject’s wrench is displayed as an arrow originating at the ac-
tual hand position and radiating in the direction of applied force
(with a length scaling of 1

1600
m
N ). For trials with pure-torque tar-

gets, the subject’s applied torque is visualized by rotating a small
curved arrow about the axis of the torque through the centre of the
handle ( π

25
rad
Nm ); the axis of the applied torque is also displayed as

a rod.

All trials begin with a “fixation” cue — a spherical target is dis-
played at the origin (the actual location of the subject’s hand) until
the returns to a relaxed state (force magnitude less than 20 N, af-
ter biasing for gravity). The target is then displayed and the sub-
ject attempts to exert a maximal sustained force/torque in/about the
target direction/axis. In addition to the quantitative visual repre-
sentation of the subject’s applied force/torque, the target changes
colour (from transparent grey to transparent yellow) to signal when
the subject is within 10◦ of the target direction. The subject has
up to 20 s to attempt to generate and briefly hold a maximum vol-
untary wrench as close to the target direction as possible — once
the subject believes the MVW has been achieved he/she returns to
relaxation.

The entire experiment for each subject consists of two blocks of
52 trials each; each target direction is presented (in randomized or-

der) once per block. To prevent fatigue, there is a fixed 5 s break be-
tween trials, and a subject-controlled break after every fourth trial.

3.3 Generic Model Extraction
Based on the maximum voluntary wrenches that a subject applied
over the course of the experiment, we characterized that subject’s
MVW space by a 52-dimensional vector, with each dimension cor-
responding to the MVW in one of the target directions. To compute
our estimate of the subject’s MVW in a particular direction we con-
sidered every force/torque sample throughout the experiment; we
rejected all samples that had a magnitude below 25 N or 2 Nm, or
were more than 22.5◦ away from the target direction. Having culled
the many samples from the relaxed portions of the trials or from ex-
ertion in the direction of other targets, we projected the remaining
samples onto the target direction and selected the sample that was
in the 99th percentile by magnitude (to reject noise or unsustainable
voluntary wrenches).

We used the MVW samples of 4 subjects to build a generic
model of the MVW shape for interaction with an isometric hap-
tic device in this posture. To deal with the inherent difference in
units we treated force and torque directions separately, decompos-
ing our 52-dimensional shape description into two 26-dimensional
components. We applied principal component analysis (Matlab’s
princomp function) to the two 4x26 matrices containing the sub-
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(b) Torque Reconstruction

Figure 4: Validation subjects’ actual MVW and reconstruction calibrated from the minimal probing measurements.
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(b) Torque Reconstruction Error

Figure 5: Validation subject’s actual-to-reconstructed MVW ratio; medians of results if one measurement is used as a uniform MVF/MVT estimate.

jects’ Maximum Voluntary Force/Torque (MVF/MVT) samples; se-
lecting a small set of principal components (those before the el-
bow of the variance scree plot) provided a basis in which to express
MVW shapes.

3.4 Calibration of Generic Model

Having reduced the dimensionality of the representation of the
MVW shape to a basis P whose columns are the k identified se-
lected principal components, we can now fit the generic shape to
a given subject with only k probing measurements by solving the
linear equation:

Ppxp = bp (1)

where Pp consists of the rows of P corresponding to a set of prob-
ing measurement direction indices p, and bp are the subject’s MVW
results in those directions. Using the data from the same set of sub-
jects that were used to extract the principal components, we identi-
fied the k sampling directions that minimized the overall error in the
reconstructed MVW shape. For the purposes of comparing errors
in MVW reconstruction, we consider an overestimate of 100% to
be as erroneous as an underestimate of 50%. Therefore, to choose
the reconstruction with a minimum overall error of, we minimize

the norm of the log of the errors in each direction:

argmax
p
‖ log2(

Pxp

y
)‖ (2)

where y is the full set of MVW samples.

4 RESULTS

The MVW shapes of the subjects that were used to construct the
generic MVW model are shown in Figure 2. This figure illustrates
the degree of directional asymmetry in the MVW that results from
the structure of the human musculoskeletal system, but it is also
suggestive of the cross-subject consistency in MVW shape that we
seek to leverage. Using these MVW shapes resulted in a generic
MVW model characterized by just 4 principal components (2 each
for force and torque), illustrated in Figure 3. For these principal
components the probing directions that minimized Equation 2 were:

• force in the (y) direction
• force in the (-x,-y,z) direction
• torque about the (-z) direction
• torque about the (-x,-y,z) direction

4.1 Validation
We used the MVW samples of the remaining subject to test the
effectiveness of the calibration procedure determined above. Solv-
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ing Equation 1 for just the 4 directions listed above provides a set
of weights that express the subject’s estimate MVW shape in the
generic shape basis. We compare this estimated shape to the actual
measured shape for each of the remaining subjects in Figure 4.

To quantify the error in our reconstruction and compare it with
the standard normalization scheme (uniform scaling factors for
force and torque), we evaluated how much the actual MVW was
over-/underestimated in each direction. A log-plot of that ratio for
our reconstruction is shown in Figure 5. As a comparison, we con-
sidered the effect of using the validation subject’s maximum in a
single direction as the uniform maximum estimate. For each di-
rection there were thus 26 different estimates; we plotted the me-
dian in each direction (also in Figure 5). Note that in all directions
our estimate was within the range [2−0.38,20.93] times actual value
whereas the uniform scaling approach had some cases where the
median estimate-to-measured ratio was as low as 2−1.49 or as high
as 21.00.

To verify the tendency of our approach to result in more accurate
estimation of a subject’s MVW we reperformed the above analysis,
each time withholding a different subject as the validation subject.
The aggregated error distributions across all directions for all vali-
dation subjects are compared in Figure 6.

5 CONCLUSIONS

We have demonstrated that a user’s feasible force or torque is not
well represented by a single value across all directions, and that
while thorough measurement of a single subject’s feasible range
across directions is too expensive for everyday use, an accurate es-
timate of a user’s MVW space can be established by combining a
few measurements with a generic model pre-built around thorough
measurement of a small group of users. Our investigation dealt ex-
clusively with a one-handed haptic interaction in a fixed posture, but
the overall approach can be extended to other situations. As long
as there is sufficient similarity in musculoskeletal apparatus across
users, a generic model of user capability can be extracted by care-
ful measurement of a relatively small number of users; increased
postural freedom will increase the number of principal components
needed to describe the feasible space, but even that number will
likely be small enough to allow rapid calibration for new users.

The main limitation of our approach is that for high dimensions
(e.g., 6) a rigorous sampling of the full wrench space for even a
small number of users is time consuming and fatiguing. We evaded
some of this difficulty by treating force and torque in isolation (re-
ducing a single 6-D space to two 3-D spaces), but for some ap-
plications this simplification could be unacceptable; in constrained
conditions where a user has few degrees of freedom there could be
certain narrow directions in which the feasible wrench is signifi-
cantly lower than in nearby directions. An area of future work is to

incorporate rough models of the user’s musculoskeletal apparatus
to guide the choice of sampling directions to best characterize the
MVW space in a given posture.
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