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Abstract— Haptic interfaces compatible with functional mag-
netic resonance imaging (Haptic fMRI) promise to enable
rich motor neuroscience experiments that study how humans
perform complex manipulation tasks. Here, we present a large-
scale study (176 scans runs, 33 scan sessions) that characterizes
the reliability and performance of one such electromagnetically
actuated device, Haptic fMRI Interface 3 (HFI-3). We outline
engineering advances that ensured HFI-3 did not interfere
with fMRI measurements. Observed fMRI temporal noise levels
with HFI-3 operating were at the fMRI baseline (0.8% noise
to signal). We also present results from HFI-3 experiments
demonstrating that high resolution fMRI can be used to study
spatio-temporal patterns of fMRI blood oxygenation dependent
(BOLD) activation. These experiments include motor planning,
goal-directed reaching, and visually-guided force control. Ob-
served fMRI responses are consistent with existing literature,
which supports Haptic fMRI’s effectiveness at studying the
brain’s motor regions.

I. INTRODUCTION

Haptic fMRI Interfaces [1], [2], [3], [4], [5], [6], [7],
[8], [9], [10] offer the ability to conduct neuroimaging
experiments for a variety of day-to-day motor tasks in virtual
environments [11], [12], [13], [14] and are an increasingly
popular tool to study the brain. A critical advantage is the
ability to precisely monitor motions and apply forces when
required. Wider adoption, however, requires demonstrating
that multi-axis haptic interfaces can provide high-resolution
fMRI measurements (mm, sec) [15], [16] reliably over the
long term. A study of how such devices operate over the
long term is thus a limiting factor.

Research efforts have led to numerous haptic interfaces
for fMRI. These rely on a variety of actuators such as
elecro-active polymers [17], pneumatics [1], and hydraulics
[18], [19]. Cables, with dynamic models to improve perfor-
mance [20], are also promising. Functional interfaces include
a shielded PHANTOM [5], [21], a wrist device [10], a
pneumatic device [1], and a family of electromagnetically
actuated devices [7], [9]. Present efforts are directed towards
devices with more degrees-of-freedom, or towards achiev-
ing high-fidelity force control, natural motions [22] and
uniform inertial properties across a large three-dimensional
workspace. We believe, in addition, that technological ad-
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Fig. 1. Haptic fMRI Experiments. (A) Haptic fMRI Interface 3 (HFI-3),
one of a family of electromagnetically actuated fMRI-compatible haptic
interfaces. (B) A variety of motor neuroimaging experiments conducted
with HFI-3. Left to right: active force control of a lever with visual
feedback provided to the subject; passive force perception where a subject
holds a position and experiences a perturbative force; and a plan and
reach experiment where subjects make three-dimensional reaches to random
locations. (C) fMRI temporal noise measurements plotted on inflated brain
models for three subjects who performed the experiments (fMRI baseline
= 0.8%). The actual fMRI scan volume is indicated with gray boxes.

vances have matured to a point where long-term reliability
and performance studies are very desirable.

Here, we present a long-term study of Haptic fMRI
Interface 3 (HFI-3; Fig. 1.A) [7], [23], [24], [9], an electro-
magnetically actuated fMRI-compatible haptic interface, and
demonstrate how to obtain high fidelity fMRI measurements
for a variety of different motor neuroimaging experiments
(see Fig. 1). We show how electromagnetic actuation affects
fMRI by outlining improvements in noise due to the addition
of motor shields (Faraday cages), capacitive electrical con-
nection filters, fieldmaps, and regular scanner recalibration.
Our analysis is spread over one hundred and seventy-six
scan runs (6-10 mins each) distributed over thirty-three scan
sessions (multiple days). The results demonstrate noiseless
operation for HFI-3 for experiments involving either move-



Fig. 2. HFI-3 Temporal Noise Characteristics. (Top) A heatmap of temporal noise histograms measured during one hundred and seventy-six fMRI scans
during HFI-3’s development. Each column in the heatmap is a histogram of the noise distribution obtained from an fMRI volume over the duration of
a single scan session (6-10min). A block of columns indicates a set of scans that were conducted on the same day. Darker areas indicate more voxels
had a given noise-to-signal value. The red line is baseline noise for a sleeping subject. Observed reductions in noise with increasing scan id demonstrate
the importance of shielding motors (with Faraday cages), filtering electrical connections, using fieldmaps, and using short scan times with regular scanner
re-shimming (recalibration). (Bottom) Details from a few exemplar scans. Individual fMRI slices are shown next to the noise-to-signal measured over their
voxels. Notice the large blue, green, and yellow region in the slices from the “no shields” condition indicating high noise. After the shielding, filtering,
and scanning improvements, scan runs have very low noise across all scanned fMRI slices.

ment or force application (or both). As a consequence of
high fidelity and low noise measurements, we could con-
duct high resolution fMRI measurements of motor planning,
reaching, force perception, and visually-guided force control.
We present second-scale neural activation dynamics across
the brain for all three. Our results demonstrate that Haptic
fMRI is a mature technology that is ready for adoption by
the wider motor neuroscience community.

II. HFI-3: PERFORMANCE AND RELIABILITY

Haptic fMRI a relatively novel technique and access is
limited to a few research groups around the world. A critical
factor is to demonstrate reliability and performance in the
long term. We present results that showcase HFI-3, a robust
and capable electromagnetically actuated fMRI-compatible
haptic interface. Our results summarize noise patterns for one
hundred and seventy-six scans conducted using HFI-3 over
a time period of about three years (Fig. 2). The scans were
collected across a variety of conditions. Conditions include
when the device was being used: to monitor motion; to apply
regular forces; or as part of unpredictable haptic interactions.
A few notable problems are discussed in Fig. 2. See the
Appendix for a detailed discussion of how the temporal noise

is computed and data is analyzed.

A. Reliable and Low Noise fMRI Measurements are Feasible
with Electromagnetic Actuation

Our long-term temporal noise measurements demonstrate
how specific technical upgrades to HFI-3 helped resolve
noise due to electromagnetic actuation (see Fig. 2 for details).
The improvements to fMRI measurement quality are tangible
and evident. Moreover, the absence of specific technical com-
ponents leads to clear reduction in fMRI measurement qual-
ity, as well as analog drift of the MRI calibration. The results
demonstrate that high performance electromagnetic motors,
when shielded with Faraday cages, emit little radiofrequency
noise. The noise is further reduced by using capacitive filters
for all incoming and outgoing wiring connections (see [7] for
details).

B. MRI Phantoms are Unsuitable for Testing Haptic fMRI

MRI phantoms are objects designed to mimic the prop-
erties of the human brain; they serve as a proxy to test
fMRI scan fidelity when it is not feasible to scan human
subjects. Our results highlight a recurrent problem with
past Haptic fMRI research: that phantoms are not suitable



to estimate noise generated by candidate fMRI-compatible
haptic interfaces. This is because phantoms lead to artificially
low noise levels and provide misleading noise metrics for
estimating whether a given device can support complex
motor neuroscience experiments. Our tests with phantoms
always led to very low observed noise (see Fig. 2, histogram
sections marked with purple squares). This was the case
even when we tested HFI-3 without shields. After observing
this effect, we rejected phantom-based testing and tested
our device’s noise characteristics exclusively with human
subjects. A host of past research that has relied on scanning
phantoms potentially requires re-evaluation.

C. Mildly Paramagnetic Materials Affect fMRI Measure-
ments

Having identified technical methods that brought HFI-
3’s noise levels close to the fMRI baseline (for a sleeping
person = 0.8%), we proceeded to perturb the measurements
ourselves. We did so by placing a custom-engineered mildly
paramagnetic gel (agar and NiCl; see [24] for details) near
the scanner’s coil (see Fig. 2, second block of histogram
columns from the right). This test would help inform us
whether it was feasible to use paramagnetic device compo-
nents inside the scanner bore. Unfortunately, after collecting
fMRI measurements over eight scan runs, we found that
even static paramagnetic objects disrupt scan quality. While
the disruption was not severe—the noise levels were lower
than those obtained without a proper cage—we do not
recommend developing devices or device extensions that use
paramagnetic materials in the MRI bore. Particularly if they
are near the scanner coil.

III. HIGH RESOLUTION fMRI IMAGING

Having concluded that HFI-3’s design and engineering
were sufficient for reliable and high fidelity fMRI measure-
ments, we proceeded to analyze data from a few of our
experiments. Our goal was to determine the level of temporal
and spatial resolution that HFI-3 experiments support. Here,
we present exemplar statistical analyses drawn from three
specific conditions: motor planning, reaching, and visually-
guided force control. These broadly cover the common
interaction modalities for human subjects.

A. fMRI Time Series for Motor Planning

To estimate the spatio-temporal resolution offered by Hap-
tic fMRI for motor planning, we analyzed an experimental
scan session of the Haptic Move-3 experiment [23]. As part
of the experiment, subjects were asked to hold their hands
at a specific location. They were then given a planning cue
(a golden box) indicating a potential reach location. Finally,
they could be given a cue to go back to rest (33% probability)
or a cue to make the reach. Here, we discuss the neural
activation due to motor planning (Fig. 3).

We began by using a finite impulse response (FIR) model
to summarize time-series responses across the numerous rep-
etitions of planning that a subject performed (see Appendix
for details). The finite impulse response time series for each

Fig. 3. High Resolution fMRI Time-Series Measurements for Reach
Planning. Estimated activation for motor planning, plotted as a heatmap on
an inflated brain surface. Successive brain surfaces depict neural activation
with one second intervals, starting at the moment a planning cue is shown to
a subject. The time series was estimated by fitting a finite impulse response
model to fifty-six repetitions of the planning cue. Planning time was two
seconds but the BOLD response lasts for about fifteen seconds. Images
(top-right) depict the visual input (left) and task condition (right).

voxel can be plotted on a brain volume on a time-instance
by time-instance basis. We did so, and obtained a sequence
of brain volumes. We then plotted those on inflated brain
models for the subject who performed the task. The fMRI
(BOLD) neural activation pattern thus obtained allows the
observation of spatio-temporal dynamics in the brain.

Neural activation for planning began with a gradual re-
duction in activiation in somatosensory cortex, which is
expected since the subject is holding still and receives no
somatosensory input. Next, there is a gradual increase in
activation in pre-motor regions, which is consistent with past
research into motor planning. Finally, both activation patterns
return to normal as the subject stops planning and goes to
rest or starts the reach.

B. fMRI Time Series for Motor Reach Execution

Similar to our analysis for motor planning, we analyzed an
experimental scan session of the Haptic Move-3 experiment.
Here, however, we obtained FIR time series estimates for
reach execution instead of planning (Fig. 4). The actual
motion is an unconstrained goal-directed reach to a position
in space, with visual feedback indicating the current position
of the hand (a red sphere) and the goal position (a green box).



Fig. 4. High Resolution fMRI Time-Series Measurements for Reaching.
Estimated activation for reach execution, plotted as a heatmap on an inflated
brain surface. Successive brain surfaces depict neural activation with one
second intervals, starting at the moment a reach go-cue is shown to a subject.
The time series was estimated by fitting a finite impulse response model to
thirty-two repetitions of reach execution. The allowed reach time was five
seconds but the BOLD response lasts for about fifteen to twenty seconds.
Images (top-right) depict the visual input (left) and task condition (right).

In contrast with the activation pattern observed during
planning, reaching-related fMRI neural activation started
in pre-motor cortex, then gradually spread towards motor
cortex. This is consistent with past research indicating that
neural activation for motor preparation precedes activation
for movement. Next, activation appeared in somatosensory
and parietal regions, which are connected with tactile per-
ception and grasping. Finally, activation reduced in pre-motor
cortex, then in motor cortex, and finally in the tactile sensory
cortices. This is consistent with the nature of the BOLD
impulse response.

C. fMRI Time Series for Visually-Guided Force Control

Finally, we repeated our analysis for a visually-guided
force control experiment (Fig. 5). Here, subjects held a lever
attached to HFI-3’s end effector and applied forces. Visual
feedback was provided in the form of a blank screen of a
suitable color (see Fig. 5). Subjects were required to hold a
constant force of either 3.5, 4, or 5.5N for eight seconds. We
obtained FIR responses assuming a linear increase in peak
BOLD response magnitude with the force level.

We present the data aligned to the end of the force
application procedure, which is more reliable. This avoids

Fig. 5. High Resolution fMRI Time-Series Measurements for Force
Control. Estimated activation for force control with a lever, plotted as
a heatmap on an inflated brain surface. Successive brain surfaces depict
neural activation with about one and a half second intervals, starting at the
moment a subject is applying a stable force (disregarding early and irregular
transients). The time series was estimated by fitting a finite impulse response
model to thirty-two repetitions of the force control task. Subjects were
required to hold a force for eight seconds using a color cue (blank colored
screen) for feedback. The BOLD response was faster than experiments with
extensive visual input and seems to subside six to nine seconds after forces
change. Images (top-right) depict the visual input (left) and task condition
(right).

transients associated with the time when a subject is adjusting
their force after the force application cue appears. We note
that the force control activation is similar to activation for an
alternative force perception experiment detailed earlier [9].

Observing the fMRI BOLD response, we found activation
in motor and somatosensory cortex when the subjects were
applying forces, and when they stopped applying forces.
This is consistent with past research. We note that the
fMRI activation seems to be influenced by changes in force
and, consequently, visual input. Moreover, the timescale
of BOLD responses is shorter than motor planning and
reaching, which—unlike this experiment—have an extensive
visual component. Identifying the root cause is an interesting
area for future research.

IV. CONCLUSION

To conclude, we demonstrate that our electromagnetically
actuated Haptic fMRI Interface, HFI-3, can be operated
reliably over a span of years to consistently support high
fidelity fMRI motor neuroimaging experiments. HFI-3’s per-
formance demonstrates two-ended fMRI-compatibility: elec-
tromagnetic actuation does not disrupt fMRI measurements,
and the MRI scanner’s strong magnetic field does not affect



the electromagnetic actuators. In the process, we also set
expectations for high fidelity fMRI measurements during
motor neuroimaging experiments.

By demonstrating high fidelity fMRI measurements in the
brain’s motor regions, our results promise to help generalize
and advance preliminary fMRI experiments studying pre-
motor, motor [25], [16], [26], somatosensory [27], parietal
[28], and visual [29] cortex. They also promise to help
advance the study of motor pathologies [30], [31] and
motor rehabilitation [32], [33], [34], [35], [36] by allowing
clinicians to observe how therapy affects neural circuits in
real-time.

APPENDIX

fMRI Scanning: All fMRI scans were conducted at Stan-
ford University’s Center for Cognitive and Neurobiological
Imaging on a GE Discovery MR750 3 Tesla MRI scanner,
with a 32 channel Nova Medical head coil. The scan protocol
was gradient echo EPI with a 16cm field of view sampled
at a 64x64 resolution (2.5x2.5x2.5 mm3 voxels), a 1.57s
repetition time, a 28ms echo time, and a 72o flip angle.
Settings were chosen to trade off brain-volume scanned for
improved temporal noise [37]. All scan runs were preceded
by 2nd-order polynomial shimming and were sandwiched by
fieldmap scans. After scanning, the fMRI images were slice
time corrected, motion corrected (SPM), spatially undistorted
using fieldmaps, and analyzed to compute temporal signal-to-
noise. A subject-customized bite-bar minimized head motion.
All runs (6-10min each) had frame-to-frame head motion
>0.1mm or overall head motion >1mm.

fMRI Analysis: Temporal noise-to-signal computations
used the median neural response distribution obtained by
regressing out a line from each voxels time series, computing
the absolute value of the difference between successive time
points, computing the median of these absolute differences,
dividing the result by the mean of the original time series,
and then multiplying by 100. Surface registration was done
using Freesurfer, and all surface images were plotted using
Freeview. Freeview smoothed the surface plots while render-
ing (4 steps for planning and reaching data; 8 steps for force
data).

Estimating fMRI Impulse Response Time Series and
R2: fMRI measures changes in blood oxygenation induced
by neural metabolic activity [38], [15], which have a slower
time course than neural computation and persist long after
sensory stimuli and motor tasks terminate. Such persistent
responses cause raw fMRI measurements to overlap in exper-
iments where consecutive task conditions are not separated
by large time-intervals. Separating task conditions by large
time-intervals, however, makes fMRI runs very long, which
can induce a variety of unwanted artifacts related to MRI
scanner calibration drift, neural adaptation, or subject atten-
tion lapses, microsleep and exhaustion. Instead, we optimized
our experiments to ensure reliable motor task execution
[23], which caused fMRI measurements for different task
conditions to overlap.

We segregated neural activation for individual tasks using
a finite impulse response (FIR) model (implemented using
GLMdenoise [39]). The FIR model works by associating
each task type with a unique time course and segregates
time courses while assuming that overlapping responses sum
linearly. fMRI signal linearity, however, is an active area
of research [38], [40], [41]. As such, we randomized inter-
task delays and randomly ordered tasks, which made the
model’s time series match anatomical expectations based on
past research (read [9], [42] for more details). When tasks
were closely spaced in time, as with planning and motion,
this method was noisy. The later parts of the planning FIR
response, which overlaps with motion, is thus less reliable.

Human Subjects: Subjects were healthy and right-handed
with no history of motor disorders. Informed consent was ob-
tained in advance on a protocol approved by the Institutional
Review Board (IRB) at Stanford University.
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