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Abstract :
Purpose: This short communication describes experimental evaluation of a

new Granular Jamming Cap (GJC) recently introduced in [8]. The contributions
beyond [8] are (1) to evaluate accuracy across multiple human subjects, and (2)
to determine how much of the accuracy improvement is attributable to improved
fiducial marker arrangement alone, and how much is due to granular jamming. The
motivation for this GJC is to improve the accuracy of image-guidance interfaces
in transnasal skull base surgery. Accuracy depends on a rigid connection between
tracked fiducial markers and the patient. By molding itself to the unique contours
of the individual patient’s head and then solidifying, the GJC can firmly attach
fiducial markers to a patient, increasing accuracy in the presence of disturbances.

Methods: A multi-subject study (n=8) was performed to evaluate the accu-
racy of the GJC compared to a clinically-used headband-based fixation device, in
the presence of simulated accidental bumping (light force and impact events) that
could occur in a real-world operating room.

Results: The GJC reduced the average target registration error (TRE) at
the pituitary gland by 66% in our force experiments and 78% in our impact ex-
periments, which were statistically significant reductions (p < 0.001). Maximum
target registration error was similarly reduced by 55% and 78% in the same two
perturbation tests.

Conclusion: The GJC increases the accuracy of transnasal image-guidance
under force and impact perturbations by more firmly, yet non-invasively, attaching
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fiducial markers to the patient. We find that granular jamming provides accuracy
improvement beyond that associated with improved fiducial marker arrangement.

Keywords Image-guided surgery · Transnasal surgery · Skull base surgery ·
Registration · Granular jamming

1 Introduction

Endoscopic skull base surgery (ESBS) is increasingly favored over traditional open
surgical approaches for pituitary tumor removal and other skull base procedures
because it is less invasive and reduces both operative time and length of hospital
stay [6]. Image-guidance systems are often employed to assist surgeons during
transnasal procedures to provide a real-time view of surgical instrument positions
relative to registered preoperative medical images. Image-guidance is especially
useful when normal anatomical landmarks are absent [9], and it has been shown
to reduce complications (e.g. cerebrospinal fluid leaks), length of hospital stay,
and the overall cost of care [2]. However, it is essential that medical images be
accurately registered to the patient in such systems, since providing the physician
with inaccurate information is dangerous for the patient [3].

To maintain accuracy during surgery, the patient’s head is tracked by attach-
ing fiducial markers to it that are either observed by cameras (e.g. the Brainlab
Kolibri system) or via electromagnetic tracking (e.g. the Medtronic Fusion sys-
tem). Tracking – rather than rigidly pinning the patient’s head to the operating
table – is necessary because the patient’s head must be free to move; surgeons often
tilt the head in a variety of directions to obtain advantageous surgical tool angles
during surgery. The fundamental assumption ensuring accuracy in these systems
is that the fiducial markers are rigidly attached to the patient’s skull, since any
movement of fiducials after registration will cause images to be misaligned with
the patient’s physical anatomy. Noticeable loss of registration accuracy happens
often [4, 7], requiring re-registration. Fiducial movement is certainly a contributing
factor, particularly in view of the fact that human skin can move relative to the
skull (by an average of 5.34 ± 2.65 mm across 10 subjects [5]; the maximum skin
movement for an individual subject within this cohort was 13.1 mm), and fiducial
markers are often affixed to the skin.

To improve accuracy in the presence of fiducial movement due to loads acciden-
tally placed on the fiducials or on the patient’s skin to which they are affixed, we
previously proposed a new Granular Jamming Cap (GJC) concept that surrounds
the patient’s head with a granular medium confined within elastomeric membranes
[8]. This cap, which supports the fiducial markers, is initially soft when it is put on
the patient so that it conforms to the unique contours of each patient’s head. When
a vacuum is drawn within the membranes, the granules jam together causing the
cap to solidify, in much the same way that a vacuum-packed bag of coffee becomes
solid and brick-like (see Fig. 1). This concept is known as granular jamming and
has previously been applied to create universal grippers for industrial robots [1],
among other applications. In the medical field, products such as vacuum mats use
this same concept to immobilize parts of the body. The GJC we use in this paper
is the same as that in [8], except that we have replaced the coffee grounds with
plastic granules for increased product shelf life (since organic coffee grounds will
degrade over time).
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Fig. 1 The granular jamming cap consists of two elastomeric layers made from swimming caps
that are attached to one another around their periphery. The space between the caps is filled
with small granules. The device is initially pliable when it is placed on the patient’s head and
it conforms to the unique contours of the patient’s head. When a vacuum is drawn between
the two layers, the cap solidifies as the granules jam together, firmly fixing the locations of the
fiducial markers covering its surface to the patient.

This paper follows [8] where the design of the GJC was introduced. The contri-
butions of this short communication paper beyond [8] are to (1) assess the accuracy
of device across 8 subjects ([8] used only one subject), and (2) to compare the GJC
against a control cap that has the same fiducial arrangement, but no granular jam-
ming, to ensure that the benefits seen with the GJC are not totally attributable
to improved fiducial marker arrangement.

2 Materials and Methods

Following the procedures established in [8] we compared the GJC to a clinical fidu-
cial marker fixation device, that of the Brainlab Kolibri system (which we refer to
in this paper as the Brainlab Reference Headband (BRH), see Fig. 2), in the pres-
ence of light applied forces (Fig. 3A) and light instantaneous impacts (Fig. 3B).
We also tested against a control cap, a single swim cap with the same number and
arrangement of fiducial markers as the GJC but no granular jamming, to determine
whether the accuracy improvement we see is solely attributable to improved fidu-
cial layout, or whether the granular jamming is providing an additional advantage.
The subjects in this study were healthy adult volunteers recruited from among the
graduate student population at Vanderbilt, who were consented according to an
IRB-approved informed consent procedure.

The two perturbation tests (force and impact) were used to test how well
each device holds the fiducial markers to the skull under scenarios that could
potentially occur in the operating room setting. These represent a scenario in the
operating room in which a doctor or nurse bumps into the fixation device, causing
the markers to shift relative to the skull, after registration. For the force test, a
force gauge was used to apply force to the device holding the fiducial markers 20
times. The direction of applied force was random and the magnitude was random
within the range of 10-15 N. Similarly, for the impact test, 20 impacts were applied
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Fig. 2 An example of a device used clinically to attach fiducials to the patient in image-
guided surgery, the Brainlab reference headband (BRH). The fiducial markers are supported
on a metal frame, which is attached to a plastic piece that is held to the patient’s forehead
with double-sided tape and an elastic band that is cinched around the head. The two cords
draped across the patient’s face are for endoscopy equipment, and illustrate how a load could
be accidentally applied to the frame during surgery.

to the fixation device in random directions using a tennis ball filled with plastic
granular media (m = 0.119 kg) hung on a string (l = 63.5 cm). The string was
attached to a point above the subject and the tennis ball was released from an
angle of approximately 45◦ and allowed to swing on the string until it collided with
the device holding the fiducial markers. The velocity at impact was approximately
2 m/s. While not experimentally quantified in the operating room, the bump a
surgeon or nurse might apply was qualitatively estimated (using scales in the lab
and bumping them by hand) to involve a peak force of just over 40 N during impact.
Based on this, the peak force from the tennis ball pendulum was set to 47 N by
adjusting its mass (0.119kg) and velocity at impact (2 m/s), given observations
from slow motion video, showing an impact duration of 0.02 s and impact distance
of 1 cm. Forces and impacts were applied to the forehead region of each fixation
device where they would be most susceptible to bumps. For the BRH, this was

(A)

Polaris Spectra
Force Gauge

GJC
(B)

GJC

Bite Block

Pendulum

Fig. 3 Illustrations of the two perturbation experiments: (A) Force applied using a force gauge
(Extech, Nashua, NH, USA) and (B) impact applied using a tennis ball pendulum.
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Fig. 4 In each perturbation test, we measured the error at the target point (pituitary gland)
due to a shift in the fixation device relative to the skull. A bite block on the patient’s teeth
with tracking markers on it was used to measure the skull’s actual location. The same bite
block reference frame can be seen in both physical- and image-space.

the center of the metal frame just above the forehead. For the GJC and swim cap
control, this was the region of the cap above the forehead.

For each test, a bite block, with a mouthpiece molded to fit that particular test
subject’s teeth (see Fig. 4), was used to measure the true position of the patient’s
skull. Both the bite block and the device holding the fiducial markers (the GJC,
BRH, or control cap) were tracked by the Polaris Spectra (Northern Digital Inc.,
Waterloo, Ontario, Canada). A target point at the pituitary gland was defined a
priori in a CT scan and referenced with respect to the bite block coordinate frame
(see Fig. 4). The target registration error (TRE) was determined at this target for
each perturbation.

To scan marker locations on the GJC and control cap, the Polaris Krios (North-
ern Digital Inc., Waterloo, Ontario, Canada) was used, as in [8]. Then, to ensure
a fair comparison between the BRH (which is typically tracked with a Polaris
Spectra, Northern Digital Inc., Waterloo, Ontario, Canada) and the GJC, we used
a Polaris Spectra to track both the BRH and GJC during perturbation testing.
Tracking the GJC and control cap (each had 19 markers) with the Spectra removes
the effects of any differences in intrinsic tracker accuracy between the Krios and
Spectra from affecting our perturbation experiments. A total of 20 applied forces
and 20 impacts were conducted on each of the GJC, BRH, and control cap and
the TRE values for each test, for each of the 8 human subjects, were averaged.

3 Results

Figure 5 summarizes all the average TRE data obtained from this study. After
gathering data from all test subjects for both tests, we performed a statistical
analysis to compare the GJC to the BRH. In Figure 5, one can see that the
average TRE for the GJC is always lower than the BRH for both applied force
and impact testing. We used a paired t-test to compare the mean TRE data for
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Fig. 5 Average TRE data of the three devices from both force and impact tests for all test
subjects. Both maximum TRE and standard deviation are represented on the graphs. Note:
TS5 opted out of impact testing for the swim cap control.

the BRH and the GJC across all test subjects (n=8 for force and impact testing).
The average difference between the mean TRE of the BRH and the GJC was 0.44
mm (p < 0.001) for force testing and 0.38 mm (p < 0.001) for impact testing.

Perhaps even more important than mean TRE, the maximum TRE for a given
perturbation follows the same pattern (see Table 1).

Table 1 Maximum TRE (mm) comparison: Brainlab Reference Headband (BRH) vs. Gran-
ular Jamming Cap (GJC) for both perturbation tests (force and impact).

FORCE IMPACT
TS# BRH GJC Difference BRH GJC Difference

1 0.803 0.176 0.627 (78.1%) 2.770 0.248 2.522 (91.1%)
2 0.964 0.223 0.741 (76.9%) 0.934 0.194 0.741 (79.3%)
3 4.183 0.644 3.539 (84.6%) 1.481 0.380 1.100 (74.3%)
4 1.872 0.191 1.681 (89.8%) 1.478 0.395 1.083 (73.3%)
5 1.382 0.910 0.471 (34.1%) 0.848 0.234 0.614 (72.4%)
6 0.733 0.758 -0.025 (-3.4%) 0.898 0.318 0.579 (64.5%)
7 1.265 0.687 0.578 (45.7%) 1.566 0.155 1.411 (90.1%)
8 0.745 0.516 0.229 (30.7%) 1.177 0.214 0.963 (81.9%)

4 Discussion and Conclusion

The data presented in this paper illustrates that the GJC reduces both average
and maximum TRE compared to the BRH in the presence of force and impact
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Fig. 6 A comparison between the BRH and GJC of the TRE due to a force (∼ 10 N) applied
in the up direction (superior to the forehead). Due to skin shift, the BRH moves much more
than the GJC, resulting in a much higher TRE when the force is actively applied.

perturbations. This conclusion is true for each of the 8 subjects in our study. The
GJC also reduced worst case error in 15 of our 16 individual perturbation exper-
iments and is thus more robust to such perturbations. Furthermore, the control
cap was used to control for the accuracy improvement that comes purely from the
arrangement of fiducial markers around the skull and the use of additional mark-
ers. The GJC reduced average TRE by 60% and 51% compared to the control cap
for force and impact testing, respectively. Worst case TRE was similarly reduced
by 59% and 54% compared to the control cap for each test.

It is also worth noting that, during a perturbation, accuracy is much worse than
the values measured in this paper. Our measurements were taken after a force or
impact was applied and then removed. During application of the perturbation,
the BRH would move as much as the skin on the forehead allowed (which can be
as much as 13 mm [5]), but as soon as the perturbation was removed, the rigid
body would return to a position relatively near its starting position. If a load were
applied and held (e.g. if the cords shown in Fig. 2 applied a constant load), the loss
of accuracy would be much larger (e.g. TRE could be on the order of 25 mm for
a constant load of 10 N, based on initial lab testing). Figure 6 shows an example
of this as it depicts the TRE of the BRH compared to the GJC over time as a
force of ∼ 10 N is applied to each fixation device superior to the forehead and
then removed. In such cases, it is likely that the GJC would have an even more
significant impact on system accuracy than the numbers in this paper, where loads
are applied and then removed, suggest.

Note that it would be appealing to be able to provide surgeons with a real-time
measurement of TRE that would account for bumping in the operating room. Un-
fortunately, this is not possible without an exogenous ground truth measurement.
In our experiments in this paper, this ground truth is provided by a bite block
custom-molded to each subject’s teeth. It would unfortunately not be possible to
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use this type of bite block during surgery, since it would obscure the physician’s
access to the nostrils.

Overall error in our experiments is a combination of GJC deformation and
GJC movement relative to the skull. We believe the latter to be the dominant
factor since the GJC becomes so solid that it emits an audible noise when tapped
with one’s knuckles. To lend support to this observation, we captured a digital
photograph of the marker region directly impacted by the tennis ball pendulum
before and after impact. Relative distances between 10 markers closest to the im-
pact site were measured, and a difference of 0.05 mm ± 0.04 mm was observed. To
determine the measurement error associated with this process, the same measure-
ments were repeated, comparing the before image to itself, resulting in 0.03 mm
± 0.03 mm. Noting that the Polaris Krios has a manufacturer stated RMS marker
localization error of 0.5 mm for each marker, the movement of markers due to cap
deformation should be expected to introduce negligible error into the overall TRE
at the skull base.

The improvement in the GJC comes both from the improved arrangement
of fiducial markers, and from the presence of the granules that lock markers in
place, as illustrated by our control cap experimental results. Our force and impact
experiments also show that the GJC provides an accurate solution to non-invasive
fiducial marker attachment to the patient. Considered together, the results in this
paper demonstrate the promise of granular jamming for enhancing accuracy in
transnasal image-guidance systems in the presence of accidental force and impact
perturbations in the operating room.
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