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ABSTRACT

Estimating the motion between two bones is crucial for understanding their biome-
chanical function. The vertebral column is particularly challenging because the ver-
tebrae articulate at more than one surface. This paper proposes a method to estimate
3D motion between two avian vertebrae, by bones surface reconstruction and contact
modeling. The neck of birds was selected as a case study because it is a functionally
highly versatile structure combining dexterity and strength. As such, it has great
potential to serve as a source for bioinspired design, for robotic manipulators for
instance. First, 3D models of the vertebrae are obtained by computed tomography
(CT). Next, joint surfaces of contact are approximated with polynomial surfaces,
and a system of equations derived from contact modeling between surfaces is es-
tablished. A constrained optimization problem is defined in order to find the best
position of the vertebrae for a set of given orientations in space. As a result, the
possible intervertebral range of motion is estimated.

KEYWORDS
Bird vertebrae, Articular surfaces, Contact modeling, Kinematics

1. Introduction

To get inspiration from nature in robotics, two factors have to be associated: a biolog-
ical model corresponding to the technological requirements and a deep understanding
of its mechanical features. In birds, the neck is thought to have become the equivalent
to an arm because it is used for feeding, cleaning, and many other tasks. Due to this
functional versatility, the avian neck offers a number of interesting performances that
are of high interest for robotic manipulators (Abourachid and Wenger|2019). How-
ever, their mechanical features need to be better understood. Available data in the
literature are mainly composed of measurements to evaluate the cervical joint range
of motion (Robert E. Kambic and Pierce|2017; |Cobley et al.[2013), but these data do
not allow for reconstructing the motion between vertebrae. Such a reconstruction is
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Figure 1.: Workflow scheme of the proposed method

a necessary step to build a bio-inspired robotic model with suitable kinematic joints
and may bring a better understanding of the neck’s functional behavior.

To reach this goal, the bird neck can be modeled as a multi-body system linked by
joints. The bird’s neck modeling can be complex. It includes kinematic and dynamic
models. The kinematic model focuses on the pure motion between bodies regardless
of the actuation forces needed to move those bodies while the dynamic modeling
considers both motion and forces of a system. We decided to focus here only on the
kinematic modeling of the bird neck, the definition of the motion between two adjacent
vertebrae. The motion of bird necks is difficult to observe and quantify. Indeed, as the
neck is covered with feathers, its real motion is most often hidden. Moreover, in vivo
measurements are very difficult to conduct.

Biological joint motions have been extensively studied for clinical purposes in human
knees (Siegler et al.|2018)). Two main approaches to bone interaction and joint modeling
can be distinguished. The first one is the study of the contact itself (location and stress)
for different joint positions obtained from physical measurements (Islam et al. 2015}
Johnson et al.[2014; Gustafson et al.|[date unknownl)), and is based on finite elements
(FE) methods and elastic models. The second approach is the spatial relationship
between articular surfaces during a motion (Siegler et al.|2018; Parenti-Castelli et al.
2004; |Corazza et al.||2005; (Ottoboni et al.|2010). In contrast to the knee, the cervical
vertebral column is composed of several small bones. It is, thus, difficult to have
in-vivo measurements, and to pursue the first approach. Moreover, in contrast to
mammals that have intervertebral discs, the vertebrae in birds articulate via very thin
synovial joints that act more as a fluid (Bohmer et al.|[2019). Thus, a deformable body
approach is meaningless for contacts between avian vertebrae, displaying a unique
intervertebral articulation morphology: the bones articulate via heterocoelous (saddle-
shaped) surfaces (Boas||1929). This morphology allows for both mobility and stability,
and makes the motion between two vertebrae more traceable than other intervertebral
articulation morphologies, such as acoelous joints (flat surfaces; e.g., in mammals).

This paper proposes a method that uses computed tomography (CT) scans of ver-
tebrae in order to reconstruct the motion between two avian vertebrae on the sole
basis of a kinematic point of view. First, the articular surfaces are extracted from
the CT-scans and approximated with polynomial surfaces (Ottoboni et al. 2010 |Boyd
et al.[1999). Second, a model of contact between surfaces is derived. Then, for a given
orientation between two vertebrae, a numerical solution of the contact equations is
computed. As a result, the motion between two vertebrae can be computed. The pro-
posed method is summarized in figure [I} Finally, results are presented for the motion
between two vertebrae of the black woodpecker (Dryocopus martius).



2. Materials and Methods

In general, a vertebra is composed of two structural elements: the ventral centrum
(vertebral body) and the dorsal neural arch. Together they form a cavity for the
spinal cord passage. The neural arch bears cranial and caudal articular processes -
the zygapophyses. Two vertebrae articulate via their centra and zygapophyses, in
combination with constraints imposed by soft tissue. Those contact areas define and
limit the motion between vertebrae and have different shapes for each vertebra. The
two criteria that we use in the present study to limit the intervertebral motion are
bone collision and osteological disarticulation (Krings et al.[2017; |Arnold et al. 2014;
Nyakatura et al|2015). It is likely that the limits found by our algorithm are not
penalizing for the real movements which will be in practice more reduced.

2.1. Acquisition of 3D models

The vertebrae were scanned by micro-computer tomography. The 3D models of the
vertebrae were reconstructed from the pCT scans (voxel size: 0.054 mm) using the
Avizo software (Terray et al.[|2019). The vertebrae considered in this paper are the V5
and Vg vertebrae of a black woodpecker (total number of vertebrae in the neck: 11).
We selected the two vertebrae from the intermediate region of the neck because the
vertebrae from both the cranial and caudal region generally display a highly specialized
morphology.

In order to work on the relative motion between two vertebrae, a frame attached to
each body B has to be considered. To do so, three anatomical markers are considered.
The first marker Sy is positioned at the center of the caudal centra, the second one Sy
at the center of the cranial centra and the last one So at the most dorsal point of the
neural spine. A coordinate system is defined as follows (see figure 2| and |3))

- The origin of the frame is defined as the middle point between S; and Sy

- The cranio-caudal z-axis is defined by the vector S1.5

- The medio-lateral z-azis is normal to the plane (5y5152) and following the right-
hand-rule convention.

- The ventro-dorsal y-azxis is normal to both x and z-azxis, following the right-hand-rule
convention.

2.2. Acquisition of physical articular limits

The motion considered in this paper is the spatial motion between the fifth and sixth
vertebra of a black woodpecker (namely V5 and Vj). For this specimen, the physiolog-
ical ex-vivo rotation limits have been obtained from X-ray measurements (see figure
. After having removed all feathers and other soft-tissue, the dead body was posi-
tioned on its lateral side with the first cranial thoracic vertebrae fixed to the horizontal
working bench. We inserted a plumb bead into the right and the left ear canal. In the
X-ray image, both plumb beads are superimposed which enabled us to prevent that
the head-neck system is distorted. Next, the neck was subjected to maximal flexion
in dorsal and ventral direction. The dead body was then positioned on its dorsal side
with the first cranial thoracic vertebrae fixed to the working bench in order to subject
the neck to maximal lateral rotation. At each of these configurations, the excursion
of a single degree of freedom was maximized which allowed us to record the maximal
intervertebral angle without damaging muscles or ligaments. Although this treatment
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Figure 2.: Model of a scanned bird vertebrae with approximated joint contact surfaces
displayed in color (four on the cranial side and four on the caudal side).
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Figure 3.: Different view of a bird vertebrae scan : (a) front view of the cranial side,
(b) side view, (c) front view of the caudal side. The colored parts corresponds to the
eight contact areas used in contact modeling (four on the cranial side and four on the
caudal side).

creates an artificial situation, it yields important insights into the movements possible
during large head movements (Krings et al.[2017).

2.3. Contact modeling Method

A completely free motion between two bodies has six degrees of freedom (dof) described
as three translations and three rotations. The observation of the real motion between
two vertebrae suggests that it has only two dof, associated with motions in the frontal
and sagittal plane, respectively. Indeed, the rotation about the cranio-caudal z-axis
is fully constrained by the contacts. This mechanical blockage prevents the spinal
cord, that goes through the vertebrae, to be torned. At first glance, the two above
mentioned motions can be defined by one rotation about the ventro-dorsal y-axis and
another rotation about the medio-lateral z-axis. Note that since the motion between
two bird neck vertebrae is complex, the rotations described above are likely to be



Figure 4.: X-ray of a black woodpecker showing the neck in ex vivo neutral position
(left) and maximal dorsal flexion (right). The cervical vertebrae five (V5) and six (V6)
are highlighted with an axial line to visualize the angle between them.

non pure rotations, i.e. a coupled translation is involved in the motion plane. Such
coupled motions exist when the center of rotation moves in the motion plane, which
is the case in the knee joint (Parenti-Castelli et al.|[2004)). An estimate of the motion
can be defined thanks to contact modeling, by defining a certain number of contact
points that constraint the two vertebrae to be positioned in a precise way. Since one
contact point between two surfaces removes one dof and since there are only two
dof between two adjacent vertebrae, four contact points defined on four surfaces can
produce the expected mobility. Now, a contact between two surfaces can be described
with four contact equations: two equations stipulating that the surfaces share at least
one common point and two equations imposing that the surfaces share the same normal
at their common point. Together, these four equations imply that the surfaces touch on
a unique contact point. On the other hand, a contact between two surfaces introduces
three unknowns, the three Cartesian coordinates of the contact point to be determined.
Since four contact points between the two vertebrae are considered, we come up with
16 equations for 18 unknowns (12 coordinates of contact points and 6 dof), resulting in
two supplementary undetermined unknowns. Since the relative motion of two adjacent
vertebrae is assumed to rely on only two rotations, considering those two rotations as
parameters makes it possible to define a fully determined problem.

2.4. Joint Surfaces segmentation and approrimation

Once the coordinates attached to each vertebrae are defined, one need to define the
joint surfaces areas. For each vertebra, eight distinct contact surfaces areas are defined:
two areas are on the centrum of the vertebrae, and two areas on the zygapophyses (on
both cranial and caudal sides, see figs [2| and , keeping in mind that the 4 cranial
surfaces articulate with the 4 caudal surfaces of previous vertebra, and the 4 caudal
surfaces articulate with the 4 cranial surfaces of next vertebra. As the bone scans are
very accurate and the contact surfaces easy to identify and separate from the rest of the
bone surface, the nodes corresponding to the surfaces are selected by hand and isolated
from the rest of the cloud of dots with the help of a CAD software (3DExperience).
In order to derive contact equations, real surfaces are approximated with the fit



error centrum | error zygapophyses
n=2 n=3 n=1 n=2
Vs 1 0.066 | 0.038 | 0.11 0.019
Ve | 0.057 | 0.035 | 0.077 0.018

Table 1.: Mean error (in mm) for the two vertebrae for different orders of polynomial
surfaces.

function of Matlab, which generates polynomial surfaces defined as in equation ().

S flu,v,w) Zthluvfw—O (1)

h=0 =0

With (u,v,w) the coordinates in the surface-centered frame, and n the order of the
polynomial surface. The main axes w or depth of each surface needs to be chosen wisely.
For the centrum surfaces (i.e the red and blue surfaces in figs I 2| and |3] ' the general
z-azis calculated before is chosen as the height axis w of the polynomial surfaces.
Indeed, the Sy and Sy points defining the z-axis are directly chosen from the center
of the vertebral body surfaces. Accordingly, the polynomial equation is of form .

Se: fe(z,y, 2) Zthlyz—x—O (2)

h=0 1=0

For the zygapophyses, however, the direction of the normal axis of the surface is
not straightforward. Since the zygapophysis surfaces are mainly flat (contrary to the
centrum surfaces), the normal axis is chosen by computing the least square plane (i.e
the fit function with a first order polynomial, n = 1). The axis found is then used as
the normal axis w to generate polynomial surfaces. The polynomial function obtained
in the local frame (u, v, w) of the zygapophysis is then transformed in the global frame
(z,y, z) of the vertebrae, resulting in an equation of form (3)).

Szt flw,y,2 ZZ thzmﬂf y'2" =0 (3)

h=0 =0 m=0

The order of the polynomial is chosen such that the mean error, i.e the normal
distance between the computed surfaces and the real points of the CT scans is less
than the voxel size of the CT scan (i.e 0.054 mm). Table |1| shows that at least a third
order is needed for the centrum surfaces approximation, whereas a second order is
sufficient for the zygapophysis. The reason for this is that the zygapophysis are quite
flat, which makes determination of their normal axis w more accurate.

Polynomials coefficients are not detailed but are given directly by the fit function
for equation and also depends on the zygapophysis local frame for equation .
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Figure 5.: Representation of two surfaces S;; and Sj;, in contact at point Cj.

3. Numerical computation

3.1. Contact modeling

The it" vertebra articulates its caudal side with the cranial side of the j** vertebra. Let
us define two surfaces Si; and Sjj, attached to vertebra bodies B; and B, respectively
and written in frames R; and R;, respectively (see figure . The above mentioned
bodies are adjacent in the neck chain, 7 = ¢ + 1, but for a matter of compactness,
notation j is kept. Index k stands for the contact surface number: k = 1,2, 3,4. The
surfaces equations are:

Sik(ix,i y,iz) =0 (4)
Sir(zylz) =0 (5)

where (‘z,"y,'2) (resp. (Yx,7 y,72)) are the coordinates of a point in frame R; (resp.
in frame R;).

The surface expressions depend on the contact surface number k. For k = {1, 2},
the surface is a centra and equation is taken, whereas for k = {3,4}, the surface is
a zygapophysis and we take equation .

Let us also define the gradients of the two surfaces expressed in their frame:

iow.  [0Six 0Siy 9Si\ "

Vi = < dix ' Oy’ Oz ) (©)
oa. _ (0Sik 0Sjk 9SH\ "

J =

k=1,2,3,4 (8)



Two surfaces are in contact if and only if they satisfy the following conditions:
(i) they have a common contact point Cj and (iz) the two surfaces have a common
normal in the contact point (Siegler et al. 2018} [Parenti-Castelli et al.|2004; Corazza,
et al. 2005; |Ottoboni et al. [2010)). These two conditions can be expressed with four
equations, namely C} satisfies equation and and the tangent plane of the two
surfaces is the same at contact point Cj, i.e by taking appropriate coordinates of @
and (D1 Gregorio and Parenti-Castelli |2003):

Sir(*Cr) =0
Sik(Cr) =0
iVSiky"VSjkz i VSjkyiVSZ-kz =0

(9)

Note that the above equations must be handled in the same frame. Let ‘p =
[tz,ty,t.]" be the position vector of the center of frame R; in R;. The relation linking
the coordinates of ‘Cj, and /Cj, in frame R; and R, respectively, can be written as
follows (Khalil and Dombre [2004]):

‘CrL ="R;ICy +'p (10)

where Z4Rj is the rotation matrix that transforms an element in R; into an element
in R;, described with extrinsic Euler angles [a, 3, 7]", defined as rotation around x, y
and z axis of the i*" vertebra:

ZARj = Rot(z, )Rot(y, 5)Rot(z,7)

i 1 0 0 Ccpo-Sp Cvy Sy 0
Rj = |0 Ca Sa 01 0 —Sy C~ 0
0 —Sa Ca S0 Cp 0 01

(11)

where C and S stand for the cosine and sine function, respectively.

Note that relation ([0)) stands for points. For vectors, the last term ‘p must be
removed (Khalil and Dombre|[2004)).

As observed before, a system of four equations at each contact point is then obtained,
and a contact point introduces three unknowns (the three position coordinates of Cy).
Since frames Ri' and R; are linked by equation , system @ also depends on the
position vector 'p and the rotation matrix ‘R;.

3.2. Definition of the optimal problem for numerical resolution

The 2 vertebrae have 2 degrees of mobility with respect to each other. These mobilities
are parameterised by 2 variables 8 and -« which are rotations about the y and z axes.
We therefore want to write the contacts between the vertebrae for a given set of 8 and
~ values within the limits of the expected motion of the vertebrae. As shown before,
the motion between two adjacent vertebrae of the bird neck can be defined with four
contact points that constraint the two vertebrae to be positioned in a precise way: two
contact points on the centrum (one on each side of the sagittal plane of the vertebrae,
namely plane (zOy)), and one contact point on each zygapophysis. Since each contact
point involves four equations, there are 16 contact equations to be solved together.



The unknows are the coordinates of the 4 points of contact resulting in 12 unknows
and the relative position/orientation of the two vertebrae. Since the rotation § and
about y and z axes are imposed, 4 relatives position and orientation has to be defined.
[tz,ty,t.] and the rotation o about the x axis.

These two angle variables are discretized and for each value of § and 7, we can
determine the corresponding position [t;,t,,t.] and rotation angle « satisfying all the
contact equations (i.e: each surface Siy of body ¢ is in contact with its corresponding
surface Sji of body j at point C). A full-rank system of equations is then obtained.
However, this system of equations is non-linear and can admit a solution or not and
jumps in solutions can occur for small angular variations. This is due to the difficulty
of simultaneously adjusting contact points over several areas. In reality, the surfaces
that are put in contact are not rigid bodies but there are a sinovial joint between the
surfaces. To model this, an offset modeling sinovial joint thickness is introduced in the
equation. The contact equations become :

Sik("Cr) = dir
Sik(Cr) = dji
ZVSikIEZVSij —! VSjkI‘ZVSZ'kZ =0
iVSikyiVSjkz —i VSjkyiVSikz =0

(12)

Note that the equations describing the condition on the normal to the surface are not
modified. The value of d;;, and d;j, are unknown and can vary along the trajectory (i.e
it depends on 8 and ), but is allowed to vary between +0.05 mm only.

The system of equations, is now under-determined as eight new parameters d; =
(i1, d;ia, dis, dis] T and d; = [djl,dj2,dj3,dj4]T have been introduced. This system is
solved as an optimal problem under constraints defined as follows:

c(q) <0

I, <q<u (13)

ming f(q) such that {

where q = [d;, dj,i C1,/Cy,' C3,' Cy, ty, ty, tz, a] T is the optimization vector. f is the
objective function. Since we want to have a solution to equation ([12)), the objective
function to minimize is chosen as the least square error of the sum of contact equations:

Fl@) =Y [(dir + Six('Cr))* + (dj, + S (’Cy))?

4k
+ ("VSix'VSjrz = VSa' VS 2)? (14)
+ ('VSiry'VSjrz =" VSuy'VSir2)’]

c is the vector of nonlinear equality constraints, 1, (resp. up) the vector of lower
bounds (resp. upper bounds) of the optimization vector. As the surface equations (4))
and do not take into account physical bounds of the articular surfaces, the two
vector 1, and u, and vector ¢ impose the contact points to be inside a prism that
includes the entire articular surface, and respectively for each contact point, and for

surface and .
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Figure 6.: Evolution of the position between the two vertebrae for v € [31.2°,44.5°]
and 6 = 0°.

To solve this problem, we used the Multistart function of Matlab which is a function
to help finding the global optimal problem under constraints. This function attempts
to find multiple local solutions to a problem by starting from various points. It uses
the fmincon function with the sqp algorithm that ensures the respect of the non-linear
constraints and bounds at each iteration.

4. Results and discussion

4.1. Motion modeling of two vertebraes

As a combined motion involving two rotations about y and z is difficult to repre-
sent, the two possible rotations are shown separately. Figure [6] shows the evolution
of frame coordinates with respect to v for 8 = 0°, namely translation ¢, t, and ¢,
between frame Rs and Rg, and rotation a about z. Rotation in sagittal plane v has
been discretized between the bounds obtained on X-rays measurements (figure , SO
v € [31.2°,44.5°]. Tt can be seen that the algorithm converges for all the considered
values of v, meaning that for each discretized value of v a solution minimizing f and
satisfying the constraints equation is found. To reduce local minima effects, fmincon is
run several times with different starting points using the global optimization toolbox
and multistart function. The largest amplitude of motion is observed for the transla-
tion ¢, (see ﬁgure@. The t, translation is close to zero and does not vary much, which
was expected for a motion in the sagittal plane. We could also expect that & = 0 as
the physical observation, nonetheless we see that « rotation vary between —4° and
—2°. Two types of errors can be observed, the offset error of the mean value, that
comes from the frame construction of the vertebrae which is not exact and variation
errors due to the surface approximation.

A rotation is also performed about y. Figure [7] shows the evolution of frame coor-
dinates with respect to 8 for a fixed value of v = 37.9°, the mean value between ~,,;n
and Ymaz- The angle 8 was discretized between the bounds obtained on X-rays mea-
surements, so € [—15° 15°]. As expected, the largest variation is for the ¢, value.
The t, and t, values vary less, but are less smooth than for the motion around z.
This can be due to the numerical computation, which does not link the solutions for
different values of 8, meaning that different local minimums can be found from one
value to an other. Since the motion is a rotation about y, we can see that the evolution
of t;, ty and « is close to symmetric, as it could be expected.

A video that compiles motion of [6] and [7] is available at [http://videos.
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Figure 8.: Evolution of contact point location on vertebra 5 for the complete possible
motion for central articular surface (a) and zygapophyses (b).

univ-nantes.fr/medias/2020/05/£7d5863c22b38c8322d5377a376872f7 .mp4|. The
observation based on this animation validates the methodology, as the motion between
vertebrae is smooth and the contact surfaces are respected. For all sets of possible ori-
entations [/3,7], the coordinates of the contact points can be obtained (see figure .
It can be seen that the position of contact points are located around a small zone of
the full articular surface.

4.2. Comparison between measured and calculated flexion limits

We found by observing the value of the optimization function f an interesting sec-
ondary result (figure E[) We tried in the sagittal plane to discretize the v angle for
a larger interval that the one measured with X-rays. We found out that the value of
f is increasing exponentially once the angle v reaches a specific value. This value for
dorsal flexion is close to the physical articular limit 7,42, but for the ventral flexion,
the error is not increasing beyond the ~,,;, value. This result is in accordance with
real observation on vertebrae. In fact, for the dorsal flexion, we see that the articular
limit is a physical limit of contact between bones, that cannot be exceeded because
the two vertebraes are in contact on their neural crest side. This contact is not taken
into account in this model but corresponds to a limit of contact on the zygapophysis
surfaces. On the ventral side, however, the measured limit is due to the action of mus-
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Figure 9.: Value of f(q) for . The measured limits are shown in vertical red lines.

cles and tendons, which are mainly located on the dorsal side of the bird neck and
could participate to a restriction of the ventral flexion (Bohmer et al.[|2019). Since our
method is only based on contact modeling of bones, the interaction with tendons and
muscles is not taken into account, which makes the possible range of motion in ventral
flexion greater that the one measured.

Conclusion

Real observation and in-vivo measurements on animals are difficult to obtain for sev-
eral reasons. In this paper, a new method to compute motions between two bones
has been developed. Geometric polynomial surfaces have been derived on the basis of
precise and real CT-scans of vertebrae. Upon establishing contact equations between
articular surfaces and applying a constraint optimization algorithm, the motion be-
tween vertebrae can be reconstructed. The obtained motions are an estimation of the
real ones and needs to be further compared with real measurements as much as pos-
sible. Up to now, the obtained motions are validated on a qualitative aspect only. In
contrast to some other intervertebral articulation morphologies, the heterocoelous ver-
tebrae of birds offer the advantage that the intervertebral motion is more traceable. It
has been shown that the real motion between vertebrae is complex, and recent results
show that depending on the considered vertebrae, the motion can be more complex
than a pure rotation. The assumption of no torsion between two bird vertebrae has
also been verified. The method can be applied to a complete set of vertebrae, describ-
ing each relative motion between two of them. By reconstructing the whole motion, it
is possible to extend the results to at least a full bird neck model. It would then be
possible to partially validate the method, as the full motion of the neck is easier to
observe than the inter-vertebrae motion.

Future work will focus on the kinematic modeling of such an articulation by defining
an appropriate spatial mechanism with kinematic chain that fits best with the relative
motion between two vertebrae. Following the same method, a 3D model considering
several vertebrae and the whole neck, respectively, will be eventually created and

12



compared with the results obtained from the ex-vivo range of motion analysis. This
method can be applied to any joint that has its motion defined by contact surfaces. It
could be applied to other biological joints in order to reconstruct motions from CT-
scan of bones, and be useful on clinical aspects. The method could be used for orthesis
or re-education device design, or to study the effect of articular surfaces malformation
on the joint motion.
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