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Is digital image correlation able to detect any mechanical effect of cranial
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A B S T R A C T

Background: Today there is still a controversy surrounding the existence of
mobility between the bones of the skull, the foundation on which cranial osteopathy techniques are based. The lack of total closure for the sutures of young people or
simply the suture discontinuity of the elderly would mean there is residual mobility or at least a weakness area.
Objectives: The goal of our work was to study skull deformation as an indicator of possible mobility or altered stiffness area under slow loading on either side of the
sagittal suture using a digital-image-correlation based system.
Methods: Quasi-static load trials under compression were performed on 4 human skulls at a displacement rate of 0.5mm/s. The digital image correlation technique
was used to measure the maximum and minimum principal strain on the sagittal suture.
Results: The results of this study show that the strain field remains homogeneous in the areas observed, even when compression force reaches values exceeding 100 N.
Conclusion: No particular concentration of strain in the immediate vicinity of the suture was detected with our measurement method, which would have suggested a
relative displacement or a weakness area in the region of the two bones margins on the sagittal suture.

1. Introduction

Cranial osteopathy was first described in 1939 by Sutherland [20];
he suggested that there is a certain amount of mobility between the
various bones of the skull and face. This mobility is made possible by
the histological and biomechanical properties of the cranial and facial
sutures which, when not completely fused, allow such movement. This
hypothesis gives rise to various lines of research.

On one hand, several authors have looked into the efficiency of
“cranial manipulation techniques” in dealing with various symptoms,
notably headaches [7], chronic cervical pain [6]; whiplash [22] and
caring for cranial deformations in infants [1,14,18,19]. Moreover,
while previous studies have produced a consensus as to the efficiency of
these techniques, the hypotheses they are based on have been ques-
tioned, and some have even been invalidated, as asserted by Hartman
and Norton [9]. Likewise, Downey et al. [5] concluded that the small
loads applied to the skulls of adult rabbits, similar in amplitude to those
used in cranial osteopathy, did not have any significant effect on the
movement of the coronal suture.

On the other hand, fusion can occur very late even after the seventh
decade [8] and therefore does not contradict the hypothesis of the
possibility of movement. Moreover, even if total closure occurs, residual
weakness area still could be suspected. Thus, a lack of complete fusion
of cranial sutures remains a current debate sustained in recent studies

by Maloul et al. [15] who stress the fact that the sagittal and coronal
sutures have the least bone connectivity (6.6%).

Lastly, it is widely accepted that sutures are areas of energy ab-
sorption and stress transmission, and that the increase in suture inter-
digitation provides improved resistance to bending forces [13]. Various
mechanical characterization trials have been performed on skulls.
Studies have shown that suture morphology can be connected to the
load that the bone region in question is subjected to, notably com-
pression, traction or flexion [4,10].

There are many techniques for measuring the surface or volume
deformation field (image correlation, elastography, etc.). Image corre-
lation [20] can be used to measure rigid body movements and de-
formations.

Insofar as the controversy as to the existence of joint mobility be-
tween the cranial bones continues, the purpose of our study was to
identify any possible strain concentration as an indicator of possible
bone relative displacement or a weakness area, using a method widely
used elsewhere [17] to detect very small strain in biological tissues:
digital image correlation.
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2. Materials and methods

2.1. Preparation of the subjects

This study was carried out in conformity with French laws and in
compliance with Aix-Marseille University's ethical rules relative to the
use of biological materials, on skulls taken from bodies donated to
science at the embalming service of the Faculty of Medicine of
Marseille. The subjects, whose characteristics are summed up in
Table 1, had first been embalmed in a Winkler conservation fluid (40%
formaldehyde, 90% alcohol and glycerol). A total of four adult skulls
were gathered.

The cranial vault was kept intact. Dissection was performed from
the rear under the occiput; the cervical spine, the mandible and the
teeth on the maxilla were removed to ensure a better support of the
skull during the test.

The subjects were removed 24 h before the test, scalped on the vault
and the base, and then placed in a refrigerator at a temperature of 4 °C.
Six hours before the tests, the skulls were placed at room temperature.

A few minutes before the test, a random motif (speckles) was ap-
plied to the skulls with black spray paint.

2.2. Experimental system

The skull was placed on a plate coupled to a hydraulic jack (MTS,
Eden Prairie, MN, USA) used to apply the compression force. It was
positioned on the left and right mastoid processes, on the upper maxilla
in the front and the inion region in the rear.

The skull was then positioned and attached horizontally using the
adjusting screw so that the impactor arm came into contact with the
skull 5 cm behind the bregma (Fig. 1). The impactor is double-ended
and measures 1.5*1.5*0.3 cm. It comes into contact with the 2 parietal
bones, on either side of the sagittal suture, as illustrated in Fig. 1. This
stress application tool was inspired by a “thumbs crossed” skull suture
technique in which the thumbs are placed on either side of the suture.

Two high-resolution digital cameras (FastCam®, Photron, San Diego,
CA, USA) were placed in front of the jack.

Force was applied to the skull by translating the impactor at a
constant imposed velocity of 0.5mm/s, until a force of 200 N was

reached, i.e. twice the value beforehand measured during a typical
pressure palpation performed by an experienced osteopath.

2.3. Measurements

The force and displacement of the hydraulic jack were recorded
against time. The force sensor is a MTS661.19H-03 model with
a± 13,5 kN range and a relative error (k= 2) of± 2N.

The deformation produced by the jack's displacement on the skull
was assessed: the strain field on the skull surface was recorded using the
VIC 3D® digital image correlation software (Correlated Solutions,
Columbia, SC, USA). The VIC 3D® system has a resolution of 1 μm for an
analysis field width of 100mm. The accuracy and precision of this
method is widely developed in Palanca et al. [17].

The mean values of the maximum and minimum principal strain
were studied.

As the goal was to detect the concentration strain area on the skull
bones on either side of a suture, and notably in the context of a cranial
osteopathy technique, a preliminary study was carried out to measure
the stress produced under finger pressure.

Ten forces measurements were recorded by applying punctiform
pressure using the two thumbs on either side of the sagittal suture at
5 cm behind the bregma. This was used to calibrate the resulting force
and to keep this value as the reference. This step corresponds to the
pressure exerted during a cranial osteopathy technique and provides
information as to the stress produced by the pressure applied in this
context.

An additional test was realized in static condition to eliminate a
possible phenomenon of stress relaxation that may be caused by the
dynamic ramp-loading condition.

A first loading was applied on one of the specimen at a rate of
1000 N/min until a force of 100 N was reached in order to let any
possible relaxation of the tissues and distribution of the stress occur.
The loading was then stopped during 30 s, in order to let any possible
relaxation of the tissues and distribution of the stress occur.

3. Results

The force and the principal strains were recorded using the same
time scale. The curves for the minimum and maximum principal strains
are presented in Fig. 2.

Strain increases linearly as the load increases. The maximum prin-
cipal strain curves are superimposed from 0 to 50 N. Then the strain
rapidly increases from 0 to 1.5%. The positive values indicate a com-
pression of the skull tissues, in the direction normal to the bone surface.

The minimum strain curves are superimposed from 0 to 50 N. The
curves for subjects 1 and 2 have comparable behaviors and present a
minimal principal strain around 1.2%, whereas subjects 3 and 4 un-
dergo larger strains. The minimum principal strain curves have nega-
tive values, which indicate a tearing of the skull tissues with no pre-
ferential direction.

The preliminary study recording the force exerted on two puncti-
form pressure points by human hands shows that the maximum force
achieved is 100 N. The deformations on the skull surface around this
value were analyzed in order to analyze any possible specific de-
formation on the sagittal suture around stress that can be produced by
the human hand during a “cranial technique”, i.e. 50 N at the start of
the load, then 100 N, 150 N and up to two times the maximum
achieved: 200 N (Fig. 3).

The results of the static loading condition showed no modification
of the strain pattern, which allow us to exclude a possible concentration
of strain that our loading would have masked.

The vertical analysis of Fig. 4 shows the distribution of the max-
imum principal strain for a given force. No concentration of strain at
the sutures can be observed.

The horizontal analysis in Fig. 4 shows the evolution of the

Table 1
Characteristics of the subjects.

Subject 1 Subject 2 Subject 3 Subject 4

Gender Male Female Female Male
Age 86 years 94 years 72 years 102 years

Fig. 1. Installing the skull and positioning the impactor.
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maximum strain for each specimen. While the force applied increases,
the mean maximum principal strain also increases but no concentration
of this strain in specific areas can be observed. Furthermore, no privi-
leged direction for the maximum principal strain could be observed.

4. Discussion

The analysis of the strain curves for the loads applied on the skulls
shows that the four skulls have similar behavior under the load: the
strain increases uniformly as the load increases. The skulls were sub-
jected to loads of up to 200 N and no fracture lines were observed. This
analysis firstly highlights the resistance capacity of the vault under
compression. This capacity can be seen in the increase of the percentage
of bone deformation as a function of the increase in the load exerted.
The maximum principal strain observed increases up to 2% and the
minimum principal strain up to −1.5%, with no detectable fractures.

These results can be explained by the functional requirement for
protecting the brain. The skull's convex shape enables it to resist ex-
ternal forces.

The digital image correlation obtained using VIC 3D® software did
not show any specific field of strain on the sagittal and coronal sutures
compared to the bones concerned by the sutures. The strain's random
distribution demonstrates a dispersion of the load applied alternately

between compression and traction.
No visible concentration or gradient of ectocranial strain could be

observed on the sagittal suture and its periphery, even under loads
significantly higher than those previously recorded in palpation pres-
sures [2]. Netherless, endocranial absorption mechanisms can not be
excluded. This observation suggests that, on the skulls tested and with
the use of digital image correlation, there is no observable mechanical
effect caused by the application of pressure on the two bones margins of
the sagittal suture. This result corroborates previous literature data
[2,4,11] where the suture is defined as an area of energy absorption and
force transmission that resists flexion. The results from Mao et al. [16]
point in the same direction as the function of the sutures is assumed to
keep the various skull bones together while making the mechanical
transmission of stress and strain possible.

During the static condition test there was no phenomenon of stress
relaxation observed. This point is reinforced by the results of Jasinoski
et al. [12] who showed that the collagen fibers may adapt their or-
ientation to resist the load direction. Increasing resistance time would
probably have little effect since the loading direction would remain the
same and therefore the internal organization of the collagen fibers
would as well.

Study limitations include the use of four cadaveric specimens whose
ages were high (72–102 years old). Thus, our sample is small and the

Fig. 2. Curves for the maximum and minimum principal strains as a function of the force exerted for all subjects.

Fig. 3. Evolution of the maximum principal strain for each subject as a function of the force exerted, between 0 and 200 N.
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specimens used are not sufficient to be considered representative of the
overall population nor of older adults. With respect to the use of older
adult skulls their sutures are likely to be at least partly fused [18] and as
a consequence somehow reinforced; energy absorption is probably al-
tered because it is related to the extracellular matrix of the bones, and
collagen fibres become increasingly irregular with age [3]. Caution
should be used in interpreting and inferring from our results as the level
of fusion and the quality of the sutures was not measured in this study
and it is probable that the specimen sutures were very stiff. Our results
do not exclude the possibility that a mechanical effect may be de-
monstrable in a larger sample of older adult specimens or in younger
adults.

Future work should include assessment of sutural structure using
imaging alongside the methodology employed in the current study. A
larger sample size would address whether or not our findings are re-
presentative of the population of older adults. Additional study is
warranted to evaluate the effect of applied loading on younger skulls.

Furthermore, the Faculty of Medicine of Marseille forbids the use of
fresh cadavers due to possible risks of infection, meaning that only
bodies embalmed with Winckler conservation fluid can be used.
Wieding et al. [21] experimentally assessed the influence of freezing
and two commonly used conservation fluids (formaldehyde and al-
cohol) on the intrinsic mechanical properties of samples of ovine cor-
tical bones compared with fresh samples. The results of this study show
significant differences in plastic energy absorption, whereas no influ-
ence on the elastic property of the samples preserved in formaldehyde
and alcohol was demonstrated.

Lastly, the VIC 3D® system's resolution (1 μm for a 100-mm

displacement field), or the smallest displacement it is able to detect,
appears to be sufficient given the results observed in animal experi-
ments (displacement of the sagittal suture between 5-10 μm), even if
this observation should be taken in view of the fact that we do not have
any comparable elements in humans.

5. Conclusion

In this study we tested the response to load of the sagittal sutures in
four older skulls using a stimulus aimed to model a single cranial os-
teopathic technique. We demonstrated the potential of a measurement
methodology newly applied to this field. There was no mechanical ef-
fect of osteocranial pressure manipulation on the exctocranial part of
the skull. No significant homogenous deformation was observed on the
sagittal suture in comparison with the bones it connects. We did not
detect any displacement of the two sagittal suture margins, even for
heavy loads largely exceeding therapeutic stress levels in this sample of
specimens.

Further larger scale research is indicated to assess whether these
findings are representative of the population of older adults. Similar
research is indicated to assess the effect of load on younger skulls. In
both cases, concurrent assessment of sutural structure using imaging
would inform the interpretation of findings.
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Fig. 4. Evolution (in percentage) of the distribution of the maximum principal strain on all subjects as a function of the force applied.
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