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The biomechanical role of the zygapophysial joints was investigated for axial rotations of lumbar segments by recording the posi-
tions of the instantaneous helical axis (IHA) against the axial rotational angle and by relating these IHA-positions to anatomical land-
marks. Cyclically varying pure axial moments were applied to 3 L1/L2, 7 L3/L4 and 3 L4/L5 segments. There were 800 segment posi-
tions per cycle taken by a custom-made high precision 3D-position measuring system.

In intact segments IHA-migration reached from one zygapophysial joint to the other IHA-paths came up to 10–60 mm within small
angular intervals (±1 deg). After removing the right joints, IHA-migration remained comparable with that of intact segments only for
segment positions rotated to the right. Rotation to the left, however, approximately yielded stationary IHA-positions as found after resection
of both joints. Hence, IHA-migration is determined by the joints already for small rotational angles. Each type of segment showed a typical
pattern of IHA-migration.
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1. Introduction

In investigating mechanical properties of lumbar
segments, a common approach has been to record rota-
tional angle-torque characteristics, which have been
assessed in terms of range of motion (ROM), neutral
zone (NZ), stiffness, etc. [1]–[13]. These data, however,
did not refer to segment kinematics. Therefore, a seg-
mentally fixed axis has often been assumed around
which the upper segment would helically rotate in rela-
tion to the lower segment because ROM seemed to be
small covering only few degrees [14]–[20]. The posi-
tion and direction of this fixed helical axis of motion

(HAM) were calculated from two positions of the
moved vertebrae, which almost differ by ROM. This
calculation is geometrically possible [21]. But, there is
a problem since HAM must not have kinematic signifi-
cance. It is only a geometric construct. In reality, the
vertebral body does not rotate around a simple HAM
when moving from one axial position to another, but
instead, there is a kinematically more complex transfer.
ROUSSEAU et al. [22] have already shown that a single
HAM is not sufficient to describe kinematically the
motion of L5/S1 segments in flexion/extension. Four
calculated finite helical axes (FHA) were clearly sepa-
rated from one another, proving that real movement
could not be described by a single HAM. KETTLER et al.
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[23] also calculated separated FHA. Both studies there-
fore indicated the necessity of tracking the migration of
the instantaneous helical axis (IHA) with high space
resolution, in order to describe segment motions relia-
bly as shown by WACHOWSKI et al. [24], [25].

According to the laws of kinematics, IHA would
be reliably calculated if and only if the two measured
positions of the mobile vertebra were approximately
differentially close-by [21], [26]. In order to measure
differentially close-by positions in approximation, we
have developed a measuring method with sufficient
precision and resolution [24], [25], [27] and illustrated
by applying this method that each type of motion
segment is characterized by specific shapes of its cen-
trodes [24], [25], [28], [29].

Here, we address the following question: Which
anatomical structures are responsible for segment
kinematics?

To answer this question we clarify the role of the
zygapophysial joints for axial rotation (a) by recording
IHA-migration, IHA-direction, and IHA-screw-pitch
under variation of the degree of pre-flexion/extension
in intact lumbar segments and after removal of one
zygapophysial joint as well as after removal of both
joints and (b) by relating IHA-migration to anatomical
landmarks of the segments.

2. Material and methods

2.1. Material

The 3 L1/L2, 7 L3/L4 and 3 L4/L5 human segments
used (median: 58 years; range: 45–86 years) were stabi-
lized with a solution that hardly altered the solid struc-
ture or the shape of the osseous and cartilaginous struc-
tures [30], [31]. Therefore, the bony parts of the joints
remained substantially hard as compared to the interver-
tebral disc and ligaments. Thus, the possible predomi-
nance of the joints in guiding the segment was not af-
fected by the preservation technique. Abnormalities were
excluded using X-ray images and CT scans. The seg-
ments were also tested after resection of the right zyga-
pophysial joint and of both joints.

2.2. Measurement of IHA-migration
in close approximation

Onto the upper vertebra a pure axial torque was
applied following a triangular time function. The

spatial position of the upper vertebra was monitored
in relation to the lower vertebra. A 6D measuring
device used (see MANSOUR et al. [27]) consisted
of six inductive linear displacement sensors (type
1310 Mahr, Germany), which had a resolution of
0.01–2.4 µm depending on gain. Their mounts were
rigidly attached to the lower vertebra. The tips of the
sensors touched three glass plates, which were
firmly attached to the upper vertebra and formed
a cube. The sensors were arranged in a 3-2-1 con-
figuration so that the positions of their tips defined
the momentary position of the cube or rather that of
the upper vertebra. The precision of the device has
been enhanced so that an approximately close de-
scription of IHA-migration during a motion cycle
could be achieved. The entire ROM was segmented
into about 800 successive intervals. For each of
these small intervals (≈ ROM/800), the location of
the respective helical axis was calculated (for cal-
culation routine, see [24], [25], [27]).

2.3. Validation

The apparatus was re-validated before each meas-
urement series using a precision screw and a circular
polymer disc. Sets of IHA-positions were determined for
subsequent tiny angular intervals (<0.1°). The IHA-posi-
tions were found within an interval of ±1 mm around
the expected position.

2.4. Measuring procedure

Both vertebrae were embedded in Combipress®
(Methacrylat-Copolymer). The lower vertebra was
securely screwed to the frame of the apparatus. The
upper vertebra was fixed to the mobile device gener-
ating torque and preload. Each segment was arranged
so that the x-y-plane was almost parallel to the “plane”
of the intervertebral disc. The x-axis ran in the seg-
mental sagittal mirror plane. For the L3/L4 segments
the origin of the coordinate system was set in the
center of the spinal canal. For the other segments it
was experimentally adjusted by shifting a preload Fz
along the x-axis. When the segment no longer bent or
tilted, the Fz-line met the z-axis of the chosen coordi-
nate system and the x- and y-positions of the origin
were set at the transition from flexion to extension. Its
z-position was set in the middle of the dorsal margin
of the vertebral disc. In this way the origin gained
functional significance and was no longer set at an
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anatomical landmark. The lower vertebra served as
reference.

Fig. 1. IHA-line position: z-x-plane has components ez and ex
and z-y-plane ez and ey of the unit vector )(αe .

The position vector )(αr  is defined by the intersection
of the IHA-line with the y-x-plane: rx and ry.

Preload Fz is shifted along the x-axis.
The application point of axial torque Tz is arbitrary

Following this predefinition of the coordinate
system the segment was subjected to a stationary
axially directed preload Fz in a non-constraining
and non-reactive manner. In the test series, its value
was varied in 100 N steps between 0 N and 400 N.

The Fz-line initially ran through the origin of the
coordinate system of the apparatus. In further runs of
tests the x-y-position of this Fz-line served as parame-
ter. The accuracy of the line setting was ±0.5 mm.
This preload produced a retarding compressive
strain. When it was finally stationary, the axially
directed pure torque (Tz(t)) was applied independ-
ently of preload Fz. The parameters of triangular
time function Tz(t) included: amplitude 3240 Ncm
(3 L1/L2, 5 L3/L4, 3 L4/L5) or 2500 Ncm (2 L3/L4);
period ≈1 min.

In the courses of segment motion the following
kinematical quantities were determined (figure 1): po-
sition vector ( )()()()( αααα zyx rrrr ++= ) (accuracy
±1.0 mm), unit vector ( ),()()()( αααα zyx eeee ++=

with |1)(| =αe ) of IHA-line (accuracy of its main
component ≤0.2%), and the instantaneous screw
pitch )(ατ  (≤5%) as functions of the rotational angle

)(tα , and also the rotational angle-torque charac-
teristics.

3. Results

3.1. Common kinematic features of
all segments investigated

I. In all intact segments IHA migrated over several
centimetres (up to 8 cm).

a. Its path depended greatly on the degree of pre-
flexion/-extension (figure 2).

b. The unit vector of IHA (direction) was not pre-
cisely parallel to the axial torque vector Tz(t): IHA
tilted laterally by some degrees from the left/right to
the right/left side, with axial rotation increasing to the
left/right, and was constantly slightly inclined to the
dorsal.

c. The major part of IHA-migration was routinely
seen within a small angular range between –1° and
+1°, especially in the pre-flexed segments (figure 2,
table 1).

d. The instantaneous screw pitches were mainly
proportional to the rotational angle: αατ ∝)( . Hence,
the vertebrae moved away from one another, with the
absolute rotational angle increasing up to about
≈100 µm.

II. Removal of one/both vertebral joints altered the
paths of IHA-migration dramatically.
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a. After removal of one vertebral joint, IHA-migra-
tions were almost identical for parts of the rotational
cycles, while other parts were changed radically.

b. Removal of both vertebral joints resulted in
IHA-migrations to a minor extent, within the inter-
vertebral disc (figure 3). IHA-locations were then
hardly influenced by pre-flexion/-extension.

Fig. 2. Comparison of IHA-migration in axial segment rotations
to the left from the maximal rotated position to the right.
Centrodes for the pre-extended (blue), pre-flexed (green)

and neutral (red) state produced by the position of
axial preload (●: flexing, ●: neutral, ●: extending).

Same features of IHA-migration in the same segment types.
The major part of IHA-migration was seen

between –1° and +1° axial rotation

Table 1a–c. IHA-path lengths between +1° and –1° axial rotation
measured in cm for the flexed or extended segments,

for the L1/L2 and L4/L5 segments in neutral flexion/extension.
l = path lengths in the intact segments. lw = path lengths

in the segments after removal of both joints but
with still-preserved ligaments. Exception: In the segments

L3/L4A,B also the ligaments were removed.
In removing the joint segment L3/L4G was destroyed.
The data prove without doubt that the IHA-migration

is dominated by the guidance of the joints

a. L1/L2-segments

IHA-path lengths between
+1° and –1° axial rotation in cmSegment

State
of flexion–
extension l lw l–lw

flexed 3.20 2.47
neutral 5.61 4.88L1/L2A

extended 3.34
0.73

2.61
flexed 1.10 0.86
neutral 2.06 1.82L1/L2B

extended 1.72
0.24

1.48
flexed 3.49 1.85
neutral 4.45 2.81L1/L2C

extended 3.11
1.64

1.47
flexed 2.60 (1.30) 1.73 (0.81)
neutral 4.04 (1.81) 3.05 (1.72)

L1/L2
means
(SD) extended 2.72 (0.88)

0.87 (0.71)
1.85 (0.66)

b. L4/L5-segments

flexed 2.73 1.62
neutral 2.94 1.83L4/L5A

extended 2.30
1.11

1.19
flexed 1.83 1.10
neutral 1,48 0.75L4/L5B

extended 2.30
0.73

1.57
flexed 2.41 1.88
neutral 1.34 0.81L4/L5C

extended 1.28
0.53

0.75
L4/L5
means
(SD)

flexed
neutral

extended

2.32 (0. 46)
1.92 (0.89)
1.96 (0.59)

0.79 (0.29)
1.53 (0.40)
1.13 (0.61)
1.17 (0.41)

c. L3/L4-segments

flexed 6.28 6.08
L3/L4A extended 2.06 0.2 1.86

flexed 5.26 5.06
L3/L4B extended 4.44 0.2 4.24

flexed 5.77 5.57L3/L4A,B
means extended 3.25 0.2 3.25

flexed 1,20 0.59
L3/L4C extended 1.09 0.61 0.48

flexed 2.96 1.98
L3/L4D extended 3.36 0.98 2.38

flexed 1.96 1.52L3/L4E extended 1.81 0.44 1.37
flexed 1.43 1.10L3/L4F extended 0.82 0.33 0.82
flexed 0.98L3/L4G extended 0.58
flexed 1.89 (0.79) 1.30 (0.59)L3/L4

means extended 1.77 (1,14) 0.59 (0.28) 1.26 (1.12)
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Fig. 3. Axial IHA-migration in segment rotations to the left
from the maximal rotated position to the right in pre-flexion:

intact segment (●), after resection of the right joint (●),
after subsequent resection of both joints (for L3/L4 additionally

all ligaments) (●). After resection of the right joint, IHA migrated
from positions near the left joint along a centrode close

to the centrode of the intact segment. Approaching neutral
rotation, further IHA-migration broke down (further IHA-position

comparable with the status after resection of both joints)

3.2. Intact segments

L1/L2-segments: The intersections of IHA with the
x-y-plane demonstrated wide IHA-migrations whose
paths (lengths > 40 mm) represent the corresponding
centrodes, which matched up for both senses of rota-

tion. In the largest rotated position of the upper verte-
bra to the right/left, IHA was always found near the
left/right joint. An increase in the preload Fz from 200 N
to 300 N and 400 N did not alter the shape of these
centrodes, but ventral or dorsal shifting of the line of
the preload Fz did (figure 2).

L3/L4-segments: In L3/L4 segments, the shape of
the centrodes greatly depended on the state of pre-
flexion/-extension (figure 2): under pre-flexion IHA-
migration along wide ventral bows from one joint to
the other and vice versa and under pre-extension
within the dorsal part of the spinal canal. The lengths
of the centrodes amounted to about 60 mm (under
flexion) and 30 mm (under extension). In maximum
rotation to the left/right, IHA was located at the
right/left joint.

L4/L5-segments: In neutral pre-flexion/-extension
of the segments IHA-migration following the axial
torque Tz(t) was limited to the spinal canal: the cen-
trodes were formed like loops. This special IHA-
migration was seen in all three segments (figure 2).
Again, the shapes of the centrodes greatly depended
on the pre-flexion/-extension. A further restricted
concentration of IHA-migrations within the spinal
canal under extension could be seen, but modulated
ventral bows (lengths ≈ 40 mm) were found under
flexion. Then, IHA was near the right/left joint at
maximum rotation to the right/left.

3.3. Segments after resection
of the right joint

L1/L2-segments: With maximal rotation to the
right, IHA was located close to the left joint for each
segment (figure 3). In subsequent rotation to the left
IHA migrated along the centrode as it was measured
for the corresponding intact segment up to neutral
axial rotation. From there the centrode of the intact
segment was left in further rotation to the left. IHA no
longer migrated towards the right joint but remained
thereabouts within the disc where it was then after
resection of both joints (figure 3). In the reversal rota-
tion to the right, IHA ran along almost the same path
back to the left joint with maximum rotation to the
right. These features were found with each degree of
pre-flexion/-extension.

L3/L4-segments: Under pre-flexion, IHA was at
maximum rotation to the right within the left joint.
Following rotation to the left, IHA initially ran on the
centrode of the intact segment (figure 3). On reaching
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neutral axial rotation, IHA then migrated along the
centrode, which was seen when all joints were re-
moved (figure 3) and IHA-migration hardly depended
on pre-flexion/-extension.

L4/L5-segments: In neutral pre-flexion/-extension
or under extension, IHA moved around within a small
region near the intact left joint for the entire ROM.
Under pre-flexion, IHA was near the intact left joint in
the maximally rotated segment to the right and ini-
tially migrated during subsequent rotation to the left
along centrodes that were very similar to those of the
intact segments. But when neutral axial rotation was
reached, IHA-migration stopped (figure 3).

L3/L4B-segment without ligamentous apparatus,
but with intact joints: After removal of all ligamen-
tous structures (ligaments, articular capsules), IHA-
migration could hardly be distinguished from that of
the intact specimen (figure 4).

Fig. 4. The centrodes of axial rotation in the flexed
or extended L3/L4 segment after resection of all ligamentous

structures in comparison with the intact segment.
blue/green: intact segment in pre-extension/-flexion
red/purple: segment after resection of all ligaments

in pre-extension/-flexion.
There are still ventrally/dorsally open bows
depending on pre-flexion/-extension status

known from the intact segments

3.4. Summary of
the most important findings

– The shapes of the axial centrodes depend greatly
on the degree of pre-flexion/-extension.

– IHA-migration within a small angular interval
of ±1° can extend as far as 60 mm.

– Different types of segments show different pat-
terns of IHA-migration but, within the same type,
IHA-migration is very similar.

4. Discussion

Our analysis of the biomechanics of lumbar seg-
ments showed that IHA migrates several centimetres
during axial rotation, which is caused by joint guidance.

The resolution of 0.1 mm of the 3-D-WinJaw/
WinBiomechanics ultrasound motion analysis system
and 3-D-video-measurements were not sufficient [23],
[32], [33] to record IHA-centrodes. Just enhancing the
resolution of our 6D position-measuring system at
a 0.5 µm level ensured that IHA-migration could be
reliably observed. The preloads applied were non-
constraining to prevent artifacts especially in axial
rotation [34].

Comparison of the results before and after resection
of the facet joints proves that the joints are responsible
for IHA-position, IHA-alignment and IHA-migration
during axial rotations in all segments investigated.

1. In the intact segments the degree of pre-
flexion/-extension sets the positions of contact be-
tween the articulating surfaces and thus triggers the
shape of the centrodes. Hence, after resection of both
joints and absent joint guidance pre-flexion/-extension
hardly influenced IHA-migration.

2. Under joint-guidance IHA migrated over long
distances up to almost 60 mm within the small
physiological interval (≈±1.0°) of axial rotation [35],
especially in the flexed segments (figure 2, table 1).
After joint resection the IHA was practically station-
ary in this interval (≈ ±1.0°).

3. The resection of the right joint in the segments
alone tested our hypothesis. As long as the intact left
joint remaining was made functional by a sufficiently
large axial rotation to the right and its articulating
surfaces came into contact, IHA approximately fol-
lowed the corresponding centrode of the intact seg-
ment (figure 3). With rotations to the left, the intact
joint lost contact between its articulating surfaces
and consequently its guiding function by exposing
a visible cleft: IHA-migration was now limited to
a small region as seen after resection of both joints
(figure 5).

We expected that IHA should slightly migrate af-
ter resection of both joints (figure 3), since some
ligamentous fibres became alternately slack or tight-
ened in the course of axial rotation. On the other hand,
exclusive resection of all ligaments hardly influenced
the shape of IHA-migration (figure 4) confirming the
dominance of the joints in guiding axial segment
kinematics.

For all three types of segments, IHA was located
near to or in the left/right joint (especially in the
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flexed segment) when the respective axial rotation to
the right/left approached its maximum (figure 2). This
location of the IHA implicated that the articulating
surfaces must now roll to a substantial extent [36]–
[39]. Simultaneously, the left/right joint was exposed
to a compressive joint force. Hence, in the loaded
joint, sliding friction is replaced by considerably
smaller rolling friction. By this mechanism the
problem of friction, as soon as the joint is loaded, is
solved kinematically like in the knee joint [36].

Similarities and differences in IHA-migration: In all
segments under pre-flexion, the ventrally bent centro-
des indicated that only one joint guided axial rotation
(figure 6).

In pre-flexed L3/L4-segments the joints alternated
in guiding axial rotation, whereas under pre-extension
the dorsally concentrated centrodes indicated that both
joints provided simultaneous guidance.

For the pre-flexed L1/L2-segments, the ventrally
bent axial centrodes also indicated that the joints alter-
nated in providing guidance. Our rationale is: the cen-
trodes of the intact segments and the respective seg-

ments with the removed right joint nearly coincided out
of maximal axial rotation to the right (figure 3).

The L4/L5-segments provided alternating guid-
ance of the joints only in the pre-flexed condition. In
pre-extension and neutral flexion/extension simulta-
neous guidance placed the axial IHA in the area of the
spinal canal.

Fig. 6. Simple geometric models.
One-joint guidance: In flexion, upper facets gr, gl (1)

may not come into contact with the lower facets Gr, Gl:
Neutral position of IHA1. In rotations to the right,

gI (2) contacts Gl: dorsal IHA-migration along the left joint:
IHA3, gl (3). The result of alternating one-joint guidance

is a ventrally bent centrode.
Two-joint guidance: In extension, contacts in both joints.

Normal nr or nl in contact Cr or Cl meets IHA1.
In rotations to the right, Cl migrates to the dorsal and Cr

to the ventral: IHA migrates towards the left joint.
The result of two-joint guidance is a dorsally bent centrode

The kinematic properties of the three types of
segments were substantially different for axial rotation
(figures 2, 3). Hence, the curvatures of their articulat-
ing surfaces must differ morphologically. Therefore,
the precise recording of the differential geometry of
the joint facets is an important aspect to be considered
in future anatomical research.

Fig. 5. Segment L3/L4A after resection of the right joint.
Photos of the remaining intact left joint. In maximal rotation
to the left, a joint space is visible (upper photo). In maximal
rotation to the right, the joint space is closed (lower photo).

Conclusion in synopsis with the IHA-migration:
In rotation to the right, the left joint is made functional.

In rotation to the left it is not
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Material and methods: A cursory consideration
might suggest a weak point in our measurements be-
cause only preserved and not fresh segments were
available. No doubt the preservation technique influ-
enced the visco-elastic properties of the soft structures
and thus the segment stiffness [8]. The segment kine-
matics, however, would not be altered provided that
the hardness of the bony structures of the joints re-
mained higher by a magnitude of some powers of ten
more than that of the soft structures, and so the guid-
ance of the segment would be further dominated by
the vertebral joints as the measurements clearly re-
vealed.

5. Conclusions

Based on the measurements of axial rotation we
can draw the following conclusions:

1. In each and every case axial segment kinematics
is guided by a minimum of one zygapophysial joint.

2. Segment motion in axial rotation, in particular
within the small angular interval of ±1°, is alternately
or simultaneously guided by the zygapophysial joints.

3. Axial segment kinematics is parametrically
controlled by the position of axial directed forces ad-
justing the contact positions in the joints.

These conclusions have the following conse-
quences:

a. The design of non-fusion spine implants (e.g.
TDA, TFA, all dynamic stabilization systems) has to
take joint guidance into account.

b. FE-calculations of segment motions primarily
have to take joint guidance into account, especially
within the angular interval of ±1° and the apparent
wide IHA-migration.

c. The just roughly known curvature morphology
of the articulating surfaces and the unknown align-
ments of the surfaces in diverse lumbar segments must
be clarified using high-precision anatomical meas-
urements.
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