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Abstract

The purpose of this study was to determine the errors in knee (tibiofemoral) and ankle joint complex (AJC; tibiocalcaneal)
rotations caused by the skin movement artefact. Intracortical bone pins were inserted into the femur, tibia, and calcaneus of five
subjects. Marker triads were attached to these pins, and additionally, six skin markers to the thigh, six to the shank, and three
to the shoe. For each subject three walking trials were filmed with three synchronized LOCAM cameras (50 Hz). Flexion/exten-
sion, ab/adduction, and longitudinal rotation at the tibiofemoral joint as well as plantar-/dorsiflexion, ab/adduction, and
in/eversion at the AJC were calculated from both skin and bone markers during the stance phase of walking. The results showed
that the errors in knee rotations were mainly caused by the thigh markers. Knee flexion/extension was generally well reflected with
the use of skin markers (mean difference: 2.1°). The agreement between skin and bone marker based kinematics for ab/adduction
and internal/external knee rotation ranged from good to virtually no agreement, and in some subjects, the errors exceeded the
actual motion. The errors in AJC rotations were mainly caused by the markers on the shoe/foot segment. The tibiocalcaneal
rotations were generally well reflected with external markers. However, tibiocalcaneal rotations derived from external markers
typically exceeded the true bone motions. The results suggest that (a) knee rotations other than flexion/extension may be affected
with substantial errors when using external markers, and (b) tibiocalcaneal rotations are generally well reflected with external
markers, but amplitudes are overestimated. © 1997 Elsevier Science B.V.
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1. Introduction

In routine kinematic analysis of human gait, skin
markers attached to a segment are typically used to
represent the movement of the underlying bone, How-
ever, larger errors may be introduced as a result of the
relative movement between skin and underlying bone.
This source of error, typically referred to as the skin

movement artefact, is believed to be the most important
error in human movement analysis [1].

Different methods have been used to directly mea-
sure in vivo skeletal motion. They include stereo radio-
graphy [2,3], bone pins [4–9], external fixation devices
[1], and a percutaneous skeletal tracker [10]. However,
the applicability of such methods is limited, mainly due
to the invasiveness of such procedures. Consequently,
routine kinematic gait analysis used for clinical assess-
ment has to rely on measurements based on superficial
skin markers. Therefore, knowledge about the skin
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movement artefact is crucial for the interpretation of
kinematic results based on external markers, in particu-
lar, if the results are used to decide on strategic inter-
ventions such as surgical procedures or to assess the
success of a surgical intervention.

In recent years, several studies have been published
investigating the skin movement artefact at the lower
extremities. For slow or quasi-dynamic movements, a
substantial amount of skin movement artefact was
found [1,3,11,12]. For example, Karlsson and Lundberg
[12] showed that during a longitudinal knee rotation,
skin markers at the thigh moved as much as 4 cm with
respect to the underlying femur. They reported misread-
ings of up to 20° in tibiofemoral joint rotations caused
by the skin movement artefacts at the femur and tibia.

During gait, the skin movement artefacts have been
investigated using various methods. Karlsson [5] and
Murphy [7] compared skin mounted and bone pin
mounted marker arrays at the femur and tibia. They
concluded that the skin mounted marker arrays did not
accurately reflect the tibiofemoral motion, especially
during the stance phase of walking. Karlsson [5] and
Murphy [7] expressed tibiofemoral joint motion in
terms of instantaneous helical axes, a concept not
widely used in gait analysis. The results of their investi-
gations are therefore of limited value for general gait
analysis studies. Angeloni et al. [13] and Cappozzo et
al. [1] used patients with external fracture fixation
devices to determine the relative movement between
skin markers and the fixation device. Markers placed
on bony landmarks moved 1–2 cm with respect to the
underlying bone. However, because the subjects had
‘only’ either a femoral or a tibial fixation device, Cap-
pozzo et al. [1] were not able to directly determine the
effect of the skin movement artefact with respect to
knee rotations. Additionally, the gait of these patients
may not have been normal. Holden and co-workers [10]
developed a ‘percutaneous skeletal tracker’, a rigid
device fixed to the tibia and fibula by means of small
bone pins. They reported that the greatest differences in
translation and rotation occurred along and about the
longitudinal shank axis, and that the relative displace-
ments between skin markers and underlying bone were
reproducible within subjects, but they varied across
subjects. Their study was confined to the shank where
much less skin movement artefact can be expected
compared to the thigh.

Besides reporting the skin movement artefact, several
studies also investigated the possibility of minimizing
the skin movement artefact with the use of rigid skin
frames [5,13,14]. Generally, markers attached to skin
frames appeared to provide better results than markers
directly attached to the skin [13]. Another approach
using a large (redundant) number of skin markers per
segment has been suggested to reduce the skin move-
ment artefact [15]. Andriacchi and Toney [15] showed

that during a slow stepping-down movement knee kine-
matics could accurately be determined when using ten
skin markers at each segment.

Even though in recent years, several studies have
investigated the skin movement artefact during gait, no
comprehensive studies are known to the authors that
looked at the effect of the skin movement artefact on
the determination of both knee (tibiofemoral) and an-
kle joint complex (AJC; tibiocalcaneal) motion. There-
fore, the purpose of this study was to determine the
skin movement artefact for tibiofemoral as well as
tibiocalcaneal motion during human walking using a
specific set of skin (external) markers.

2. Methods

2.1. Subjects

Five male subjects (age 28.694.3 years, weight
83.4910.2 kg, height 185.194.5 cm) participated in
the study. All subjects were injury free at the time of
testing and none of the subjects had an injury history
possibly resulting in an abnormal gait. The subjects
gave informed consent to participate in the study. The
experimental procedure was approved by the Ethics
Committee of the Karolinska Hospital and by the
Medical Ethics Committee of The University of Cal-
gary. The experiments were conducted at the Depart-
ment of Orthopaedics, Karolinska Institute at the
Huddinge University Hospital, Sweden.

2.2. Surgical procedure

Intracortical Hofmann bone pins (2.5 mm diameter)
were inserted with a manual orthopaedic drill into the
lateral femoral condyle, lateral tibial condyle, and into
the posterolateral aspect of the calcaneus of the sub-
ject’s right leg. Prior to the insertion of the pins, the
skin, subcutaneous tissue, and periosteum at the inser-
tion locations were anesthetized with standard local
anesthetic (Citanest 10 mg/ml). The anesthesia was
generally active for 2 h leaving ample time for the
motion recordings. In order to minimize impingement
problems caused by the movement of the iliotibial band
over the bone pin, a 10–15 mm slit was cut in a
proximal-distal direction into the iliotibial band at the
insertion site of the femur pin.

2.3. Marker placements

The marker placements are depicted in Fig. 1.
Marker triads consisting of three reflective markers (10
mm diameter) were attached to each of the femur, tibia,
and calcaneus bone pins. Six skin markers (20 mm
diameter) were glued directly to the lateral aspect of the
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subject’s right shoe. The skin markers at the thigh and
tibia were glued to small strips of black fabric which
were fixed with double sided tape to the subject’s skin.
In order to employ consistent skin marker placements
across subjects, skin markers were positioned at stan-
dardized locations determined by the subject’s anatomi-
cal landmarks. The first three thigh markers were
placed at 0, 40, and 80% of the distance between the
greater trochanter and the distal end of the lateral
femoral condyle. Similarly, the other three thigh mark-
ers were placed at 45, 70, 90% of the distance between
the anterior superior iliac spine and the proximal end of
the patella. The six shank markers were also arranged
on two lines. The first three shank markers were fixed
at 20, 60 and 100% of the distance between the proxi-
mal end of the lateral tibial condyle and the lateral
malleolus. The other three shank markers were at-
tached at 0, 40, and 80% of the distance between the
mid tibial plateau and the distal end of the tibia.

The subjects wore standard running shoes (ADIDAS
Equipment Cushioning) and no socks. In order to
accommodate the calcaneus pin, the running shoes were
slightly altered by removing the lateral part of the
‘Achilles tendon protector’, and by removing a half-cir-
cular (r=12 mm) piece of the heel cap at the lateral
part of the right shoe.

Fig. 2. Experimental set-up.

2.4. Experimental protocol and set-up

Prior to the insertion of the pins, the subjects were
given ample time to familiarize themselves with the
walking procedure. The walking took place on a 10 m
walkway with an embedded force plate. The subjects
started walking approximately 5 m in front of the force
plate, and were asked to hit the plate with their right
feet. After finishing the stride on the force plate, the
subjects continued walking for another 3 m. The walk-
ing speed (1.690.2 m/s) was monitored with photo
cells placed at equal distances (0.7 m) in front and
behind the force plate (Fig. 2).

After the insertion of the pins, one standing trial and
three walking trials were recorded. For the standing
trial, the subjects were instructed to stand straight in a
‘neutral position’ and to align their feet parallel to the
force plate representing the laboratory coordinate sys-
tem. Per subject, three valid walking trials were
recorded. Trials were discarded if the subject’s right
foot was not within the force plate during the stance
phase, or if the subject obviously altered his gait in
order to hit the force plate.

2.5. Motion recordings

Three high speed cine-cameras (LOCAM) were used
at a nominal frequency of 50 Hz (Fig. 2). Floodlights
were positioned behind each camera pointing in the
same direction as the camera lenses, which allowed for
maximal contrast between the reflective markers and
the background. Prior to the motion recordings of each
subject, a calibration frame with six control points
(volume 0.5×0.5×0.5 m3) was filmed.

The three cameras were synchronized with the use of
a threshold detector connected to the force plate (Fig.
2). The threshold detector triggered small infrared lights
placed in front of the cameras, so that they were visible

Fig. 1. Bone (femur, tibia, calcaneus), skin (thigh, shank) and shoe
marker placements.
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at the edge of the field of view of each camera. The
infrared lights were active during the entire stance
phase determining the duration of stance phase in each
camera. Differences and fluctuations in camera speed
were corrected with the use of an internal LED (200
Hz).

2.6. Three-dimensional reconstruction

For each camera and subject, the films containing the
calibration frame, the standing trial and the three walk-
ing trials were digitized manually on a digitizing board
(GP-8 Sonic Digitizer, SAC, Southport, CT 06490,
USA). If markers were not visible due to merging or
poor contrast for less than five consecutive frames, the
missing data points were filled with linear interpolation.
Two-dimensional image coordinates were time-normal-
ized with respect to stance phase and were filtered with
a low-pass bi-directional 4th order Butterworth filter
with a cut-off frequency of 7 Hz. The cut-off frequency
was determined by a residual analysis as described by
Winter [16]. The spatial reconstruction was performed
using a standard direct linear transformation (DLT)
approach [17]. For any marker at any point in time, all
available cameras were used for the three-dimensional
reconstruction.

2.7. Reference frames and relati6e orientation

During the standing trial, it was defined arbitrarily
that the segmental (anatomical) coordinate systems
were aligned with the global film coordinate system.
The transformation matrices describing movement of
the segmental (anatomical) coordinate systems were
calculated using a singular value decomposition method
as outlined by Söderkvist et al. [18]. These calculations
were either based on bone markers or on skin markers.
The methods used to calculate the transformation ma-
trices are described in detail elsewhere [19].

Cardanic angles were calculated to express the rota-
tions at the knee joint and at the AJC during the stance
phase based on both bone markers and skin markers.
Flexion/extension, ab/adduction, and internal/external
tibiofemoral rotation were resolved from the matrices
using the conventions of Grood and Suntay [20]. For
the ankle joint complex, plantar-/dorsiflexion, ab/ad-
duction, and in/eversion were calculated according to
the sequences proposed by Cole et al. [21]. This means
that for the knee rotations flexion/extension occurred
around a femoral fixed medio-lateral axis, ab/adduction
around the floating axis, and internal/external knee
rotation around the tibial fixed proximal-distal axis. At
the AJC, plantar-/dorsiflexion occurred around a
medio-lateral tibial fixed axis, ab/adduction around the
floating axis, and in/eversion around the longitudinal
(antero-posterior) foot axis.

2.8. Segmental error contribution

The discrepancies between skin and bone marker
based kinematics for the knee joint are the combined
effect of the skin movement artefact at the thigh and
shank. In order to determine separately the contribu-
tion of thigh and shank to knee rotation errors, the
effect of the skin movement at the thigh and at the tibia
were calculated. For these calculations, the thigh-tibia
rotations were determined and subtracted from the
bone marker based knee rotations (femur-tibia). In this
manner, the erroneous effect of the thigh could be
determined. Similarly, the effect of skin markers at the
shank was determined by subtracting the femur-shank
based knee rotations from the femur-tibia based rota-
tions. Subject averages of the errors in knee rotations
were determined. The contribution of the shank and the
shoe/foot segment to the difference between skin and
bone marker based AJC rotations was determined in
analogy to the analysis for the knee rotations as de-
scribed above.

2.9. Assumptions and limitations

Motion recordings of bone movement with the use of
intracortical pins is an invasive procedure, which may
cause discomfort and the anesthetics may alter the
subject’s perception. For two of the subjects, a dry run
with exactly the same motion recordings and skin
markers was performed prior to surgery, in order to
show quantitatively whether the subject’s gait was af-
fected due to the insertion of the bone pins.

For the present study, it was assumed that the skin
marker movement was not restricted by the insertion of
the pins. In order to minimize this effect, skin markers
were placed at least 5 cm away from the closest bone
pin insertion. By manually moving the skin markers
closest to the pin insertion, it appeared that the skin
movement was not restricted at these locations due to
the bone pin.

The calibration frame available at the site of the
experiments was limited due to its size and number of
calibration points. The accuracy of spatial reconstruc-
tion is reduced when a small number of calibration
points are used [22] or when markers are reconstructed
that move outside the calibration volume [23]. Since the
upper thigh markers moved outside the calibration
volume, some errors may be introduced when using
these markers to calculate skin marker based
tibiofemoral joint motion. The residuals of the spatial
reconstruction were calculated for each marker indicat-
ing the appropriateness of the DLT model for each of
the skin and bone markers. Based on these residuals,
error estimates of DLT inaccuracies with respect to the
skin and bone marker based knee rotations were calcu-
lated.



C. Reinschmidt et al. / Gait and Posture 6 (1997) 98–109102

3. Results

Problems were encountered with the femur pin in
two subjects. In one subject (subject 2), the femur pin
became loose after a few walking trials. Consequently,
data of this subject will only be available to describe the
AJC motion. It was suspected that the slit cut into the
iliotibial band through which the femur pin was in-
serted may have been too small in subject 2, causing
large forces between the pin and the iliotibial band,
eventually resulting in the loosening of the pin. In
another subject (subject 4), it as observed that a ‘pop-
ping’, a sudden rotation, of the femur pin occurred.
This ‘popping’ movement of the pin was in the order of
10° flexion/extension, and appeared to occur in both
directions during the swing phase when the knee under-
went relatively large flexion angles. This rotational
‘popping’ was attributed to the interference between pin
and iliotibial band. This popping rotation did not rep-
resent true motion of the femur, since this sudden
flexion movement would correspond to a large relative
translation between the femoral head and the pelvis.
Therefore, it was decided to discard the femur pin data
for this subject. The problems encountered with the
femur pin in the subjects are described in detail else-
where [19].

3.1. Accuracy of spatial reconstruction

The residuals of the DLT equations averaged over
the entire stance phase for all skin and bone markers
were generally in the same order of magnitude, except
for the skin marker placed over the greater trochanter.
This marker was only seen at the edge of the film in all
three cameras where errors due to lens distortion can be
expected to be high. It was decided to exclude this
marker for calculations of the knee motions. Differ-
ences between skin and bone marker based tibiofemoral
rotations may potentially still be masked by inaccura-
cies in the DLT calculations for the markers moving
outside the calibration volume, i.e. the (remaining five)
thigh markers. In order to estimate this error source,
the following calculations were made. First, the average
residuals were calculated for all the femur markers and
thigh markers (excluding the greater trochanter
marker). The largest average differences (of the three
subjects) between the mean femur and thigh marker
residuals was 1.7 mm during the stance phase. Assum-
ing an average inter-marker distance of 150 mm, an
uncertainty of 1.7 mm corresponds to roughly 0.6°

(=arctan
1.7
150

). However, it should be realized that this

error is likely to be much smaller since lens distorsion
errors are highly correlated, i.e. the marker cluster
would be moved in a systematic manner which would
result in less than the estimated 0.6° error. Based on

these calculations, differences between external and
skeletal marker based rotations exceeding 0.6° cannot
be explained by inaccuracies due to the DLT calcula-
tions; such differences (\0.6°) have to be attributed to
other error sources (skin movement artefact).

3.2. Effect of the pins

Qualitatively, the subject’s gait appeared to be the
same with and without bone pins. Additionally, during
the experiments none of the subjects stated that their
ability to walk normally was affected by the pins. The
qualitative assessment of the subject’s gait was confi-
rmed by comparing the skin marker based kinematics
for walking with and without the bone pins. Knee
rotations based on skin markers for the pin and the
non-pin (pre-surgery) trials are displayed for one sub-
ject in Fig. 3. The trends were similar for the other
subject and for the AJC motions, i.e. the shape and
amplitude of the skin and bone marker based curves
were similar. At the knee joint, the difference in both
subjects at any instant during the stance phase did not
exceed 2.1° for ab/adduction, 4.8° for internal/external
knee rotation and 4.5° for flexion/extension. At the
AJC, the absolute differences did not exceed 6.0° for
in/eversion, 4.8° for ab/adduction and 4.8° for plantar/
dorsiflexion. These differences may be considered to be
substantial, but the amplitude and shape of the curves
were similar; the major part of the difference in skin
based joint kinematics between the pin trails and the
non-pin trials was a systematic shift between the two
curves (Fig. 3). This systematic shift can be attributed
to the different standing trials used for the pin and the
non-pin walking trials, rather than to true differences

Fig. 3. Effect of bone pins on skin marker based knee rotations for
one subject. Solid lines (——) represent trials without bone pins,
dashed lines (- - -) represent trials with pins. The averages of the three
trials are displayed with thick lines. Movements labeled on the y-axis
indicate rotational movements in the positive direction of the y-axis.
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Fig. 4. Motion of the knee joint based on bone (femur, tibia) markers and external (thigh, shank) markers. Solid lines (——) represent bone pin
based kinematics, dashed lines (- - -) represent skin marker based kinematics. The averages of the three trials are displayed with thick lines.
Movements labeled on the y-axis indicate rotational movements in the positive direction of the y-axis. Vertical lines indicate times where only two
cameras were available.

caused by the insertion of the pins. Therefore, it was
concluded that the insertion of the pins did not have an
(or only had a minimal) effect on the subjects’ gait.

3.3. Tibiofemoral motion

3.3.1. Variability
The individual knee rotations derived from skin and

bone markers are depicted in Fig. 4. Additionally,
average (RMS) differences, maximal differences and
general curve agreement between tibiofemoral rotations
derived from skin and bone markers are presented in
Table 1. Generally, the difference in skin and bone
marker based knee rotations between trials and within
subjects was small (Fig. 4), i.e. the knee kinematics were
very repeatable. Intersubject differences were typically
much larger than the intrasubject variability.

3.3.2. Knee ab/adduction
The bone marker based knee ab/adduction move-

ment patterns were different for the three subjects
analyzed, i.e. no general ab/adduction pattern could be
observed across subjects. The ab/adduction range of
motion (ROM) also varied across subjects; the ROM
was about 5° for subjects 1 and 3, whereas the range of

motion in ab/adduction was around 10° for subject 5.
The difference between skin and bone marker based
ab/adduction varied across subjects (Fig. 4). The best
agreement was found in subject 1 where the difference
between skin and bone marker based curves did not
exceed 3.1° (Table 1). Additionally, the shape of the
skin and bone marker based average curves was similar
for subject 1, whereas in subjects 3 and 5 a poor
agreement was found in the shape of the skin and bone
marker based curves.

3.3.3. Internal/external rotation
The patterns of internal/external knee rotation

derived from bone markers varied across subjects, e.g. a
pronounced initial internal tibial rotation with respect
to the femur was present in subject 3, whereas in
subjects 1 and 5 no, or only a small amount of, initial
internal knee rotation was observed. The range of
motion of internal/external (longitudinal) knee rotation
derived from bone markers was around 5° for subjects
1 and 5, whereas, for subject 3, the range of motion was
more than 10°. Poor or virtually no agreement between
skin and bone marker based kinematics was found in
subjects 1 and 5. On the other hand, relatively good
agreement was present in subject 3, in particular for the
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time from 25% of stance phase to take-off. In all three
subjects, the skin marker based internal/external rota-
tion showed a distinct initial internal tibial rotation
with respect to the femur, which was either not present
at all or only to a much lesser extent in the bone
motion. For all subjects, the maximal difference be-
tween knee rotation derived from skin and bone mark-
ers exceeded 7° (Table 1).

3.3.4. Flexion/extension
The shape of knee flexion/extension based on bone

markers was similar for all subjects. The amplitude of
the movement of flexion/extension, however, varied
between subjects. Subjects 1 and 3 had much more
flexion/extension movement from touchdown through-
out the end of midstance. Generally, the agreement
between bone and skin marker based knee flexion was
good, especially during the first half of stance phase.
The least agreement between flexion/extension derived
from skin and bone markers was present in subject 5,
where the maximum difference was as high as 5.8°
(Table 1).

3.3.5. Segmental error
The segmental error contribution with respect to the

tibiofemoral rotations are displayed in Fig. 5. The
curves show that most of the knee rotation errors
occurred due to skin movement artefact at the thigh.
Shank induced errors were small, especially for knee
ab/adduction (B2.6°) and knee flexion/extension (B
1.8°). Error patterns across subjects were present for

Fig. 5. Effect of the skin movement artefact of the thigh (——) and
shank (- - -) on knee rotations. Each curve represents the average
difference between the bone based knee motion (femur-tibia) and the
thigh-tibia (——) as well as the femur-shank (- - -) motion in one
subject. Positive error values indicate overestimation of the bone
movements due to the skin movement artefact.

the thigh induced errors. However, no clear error pat-
terns were present for the rotational errors caused by
the skin movement artefact at the shank (Fig. 5).

3.4. AJC motion

3.4.1. Variability
The individual AJC rotations derived from skin and

bone markers are presented in Fig. 6, and for each
subject, average (RM) and maximal differences between
skin and bone marker based rotations were calculated
(Table 2). Similarly to the knee motions, the intra-
subject differences between trials were small compared
to the intersubject variability.

3.4.2. In/e6ersion
The shape of the bone marker based in/eversion was

similar across all five subjects. An initial eversion move-
ment was typically followed by an inversion movement
towards the end of stance phase. The initial eversion,
calculated from the bone markers as the difference
between the eversion at touchdown and maximal ever-
sion (during the first 50% of stance), was in the same
order of magnitude (5°) for all subjects. On the other

Table 1
Root mean square (RMS Diff.) and maximal difference (Max. Diff.)
between skin and bone marker knee rotations during stance, and
quantitative agreement between the shape of the knee rotation curves
derived from skin and bone markers. Note that all values were
calculated from the average curves of the corresponding subjects

Knee rotation Variable Sub. 1 Sub. 5Sub. 3

2.1 2.4 2.8RMS Diff.Ad/abduction
(°)
Max. Diff. 4.0 6.03.1
(°)
Shape agree- PoorGood Poor
ment

Int./ext. rota- 5.3RMS Diff. 2.14.2
(°)tion

7.6 7.3 10.3Max. Diff.
(°)

Poor Good PoorShape agree-
ment

1.71.5Flexion/ex- 3.2RMS Diff.
tension (°)

2.6Max. Diff. 4.6 5.8
(°)

GoodExcellentExcellentShape agree-
ment
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Fig. 6. Motion of the ankle joint complex based on bone (tibia, calcaneus) markers and external (shank, shoe) markers. Solid lines (——) represent
bone pin based kinematics, dashed lines (- - -) represent skin (shoe) marker based kinematics. The averages of the three trials are displayed with
thick lines. Movements labeled on the y-axis indicate rotational movements in the positive direction of the y-axis. Vertical lines indicate times
where only two cameras were available.

hand, initial eversion calculated from skin markers was
much higher, and ranged between 10° and 16°, depend-
ing on the subject. In all subjects, the eversion indicated
by the skin markers was much higher than the eversion
that actually took place between tibia and calcaneus.
The difference between skin/shoe and bone marker
based in/eversion was highest from around 20 to 60%
of stance phase, and was in the order of magnitude of
5°, a substantial difference considering the amplitude of
this motion.

3.4.3. Ab/adduction
The tibiofemoral ab/adduction patterns of the bone

motion were similar across subjects. An initial abduc-
tion during the first 20% of stance was generally fol-
lowed by a slow adduction movement. The
ab/adduction exhibited at the AJC was generally well
reflected with the use of skin/shoe markers, in particu-
lar for three subjects (subjects 2, 3 and 4). For subjects
1 and 5 more abduction was indicated with the skin/
shoe markers. However, the shape of the average curves
for skin and bone marker based kinematics were simi-
lar.

3.4.4. Plantar/dorsiflexion
The shape of the plantar/dorsiflexion derived from

bone markers was similar across subjects. Typically, the
plantar/dorsiflexion curves had two peaks. The first
plantarflexion peak occurred at around 10% of stance
phase, whereas the maximum dorsiflexion movement
typically occurred at 75% of stance phase. The differ-
ence between skin and bone marker based kinematics
appeared to be systematic, in the sense that the ampli-
tude of the movement was always higher for the skin
marker based kinematics. That means that the maxi-
mum plantarflexion as well as the maximum dorsiflex-
ion were overestimated when using skin markers. The
overestimation of plantarflexion varied between sub-
jects and could be as high at 5.8° as seen in subject 4
(Table 2). The overestimation of the maximum dor-
siflexion movement which occurred around 75% of
stance phase ranged from 1° (subject 2) to 8° (subject
2).

3.4.5. Segmental error
Similar to the tibiofemoral joint, the least amount of

error was introduced by the shank. The error due to the
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Table 2
Root mean square (RMS Diff.) and maximal difference (Max. Diff.) between skin and bone marker AJC rotations during stance, and qualitative
agreement between the shape of the AJC rotation curves derived from skin and bone markers. Note that all values were calculated from the
average curves of the corresponding subjects

Sub. 3 Sub. 4AJC rotation Variable Sub. 1 Sub. 2 Sub. 5

3.6 2.5In/eversion RMS Diff. (°) 4.4 2.93.4
7.15.6 4.25.3Max. Diff. (°) 6.4

Good GoodShape agreement Good GoodGood
2.0 1.4Ad/abduction RMS Diff. (°) 4.3 1.4 3.2

3.15.0 4.52.5Max. Diff. (°) 5.7
Excellent Good Excellent GoodShape agreement Good

4.4 3.1Plantarfl./Dorsiflexion RMS Diff. (°) 3.1 2.2 2.5
5.88.1 4.65.8Max. Diff. (°) 4.9

Good ExcellentShape agreement Good ExcellentExcellent

skin movement artefact at the shank was in the range of
2–3° and only exceeded 5° in in/eversion for one partic-
ular subject. The misreadings caused by the relative
movement of the shoe markers with respect to the
calcaneus were as high as 7°, and were on average always
higher than the errors due to the skin movement artefact
at the shank.

4. Discussion

4.1. Tibiofemoral motion

The rotational knee motions found in this study were
generally in agreement with the tibiofemoral kinematics
reported in previous investigations [8,9]. The knee flex-
ion/extension curves were similar in shape and magni-
tude to the data presented by Lafortune et al. [8]. The
range of motion in ab/adduction, however, was much
higher than the range of motion reported by Lafortune
et al. [8]. Their data indicated that almost no ab/adduc-
tion movement took place during stance. The difference
between their results and the results of this study may be
explained by differences in defining the anatomical
coordinate systems of the tibia and femur. Lafortune et
al. [8] employed anatomical coordinate systems based on
a roentgen-stereophotogrammetric analysis, whereas in
the present study the anatomical coordinate systems were
based on a ‘neutral’ standing trial. It also appeared that
the ab/adduction range measured for subject 5 was
unphysiologically high. This may likely be the result of
an alignment problem of the anatomical coordinate
system causing cross-talk from the knee flexion/extension
[24,25].

In the study of Larfortune et al. [8], all five subjects
clearly showed an initial internal tibial rotation with
respect to the femur (internal knee rotation). Based on
the curves presented by Lafortune and co-workers [8], the
initial internal knee rotation was estimated to range from
2° to 6.3° across subjects. The results of this study showed

minimal initial internal knee rotation of less than 2° for
subject 1, a clear initial internal knee rotation of 5° for
subject 3, and initial external knee rotation of approxi-
mately 4° for subject 5 (Fig. 4). The findings of this study
show, therefore, more intersubject variability than the
findings of Lafortune et al. [8]. In order to discuss the
results of the present investigation, the internal/external
tibial and femoral rotations were also calculated with
respect to the global laboratory coordinate system. The
results showed that the tibia rotated internally from
touchdown to about 25% of stance phase. This initial
tibial rotation with respect to the global coordinate
system was consistently present in all trials except in one
trial of subject 3 where the tibia showed a short initial
external rotation of less than 2° changing into internal
tibial rotation of 4.4° after 7% of stance phase. The initial
tibial rotation with respect to the laboratory coordinate
system averages 10.1°, 5.6°, and 8.9° for subjects 1, 3, and
5, respectively. This initial rotation was also present at
the femur and averaged 8.6° (subject 1), 4.2° (subject 3),
and 11.0° (subject 5). These results support the generally
accepted paradigm of internal tibial rotation at and
shortly after touchdown. However, this internal tibial
rotation appears to be matched by internal femoral
rotation. In subject 5, it was actually found that this
internal rotation was larger at the femur which resulted
in an external knee rotation.

Based on the results of this study, it can be concluded
that skin markers as used in this study can only be used
to reliably determine flexion/extension at the tibio-
femoral joint. For knee flexion/extension, the differences
between bone and skin marker based kinematics was not
only smallest in absolute terms, but especially in relation
to the amplitude of the movement (signal to noise ratio).
For knee ab/adduction and internal/external rotation,
the error introduced as a result of the skin movement
artefact can be almost as high as the motion measured.
Therefore, knee ab/adduction and internal/external rota-
tion calculated from skin markers as used in this study
has to be interpreted with extreme caution, in particular
when differences across subjects are of interest.
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The segmental error analysis showed that most of the
knee rotation errors occurred due to skin movement
artefacts at the thigh (Fig. 5). The magnitude of the
errors due to skin movement artefact at the shank were
in agreement with results from a previous investigation
[10]. Additionally, the results of Holden and co-workers
[10] also showed that the largest difference between
rotational movement of the shank, as determined from
skin markers, and tibia, as determined from bone mark-
ers, existed about the longitudinal axis of the lower leg.
Based on the results of this investigation, it may be
argued that the skin movement artefact at the shank
can be neglected in comparison to the errors caused by
the thigh. The fact that thigh induced errors were much
higher was expected. The thigh consists of much more
soft tissue (muscles, adipose tissue) than the shank, and
therefore, relative movement between skin and underly-
ing bone was expected to be much higher than for the
leg.

4.2. AJC motion

No studies are known to the authors that investi-
gated AJC (tibiocalcaneal) motion by actually measur-
ing the motion of the respective bones during gait.
Hence, gait analysis studies using external markers have
to be used to compare the results of this study. Gener-
ally, the movement patterns of the skin marker based
AJC motion was in agreement to what has been re-
ported by Moseley and co-workers [26]. However, in
the present study, the ranges of the AJC rotations were
higher than the respective ranges presented by Moseley
et al. [26]. This difference may be attributed to the fact
the subjects in this study wore shoes, whereas in the
other study the AJC rotations were determined when
walking barefoot.

Unlike the rotations measured at the knee joint, the
rotations at the AJC were more uniform across sub-
jects. In general, the shape of the rotation curves were
similar for all subjects, the only difference consisted in
the magnitude, i.e. in the range of motion.

In absolute terms, the smallest difference between
skin and bone marker based AJC motion was measured
for ab/adduction. For subjects 2, 3 and 4, ab/adduction
determined from skin and bone markers were almost
identical. For subjects 1 and 5, ab/adduction was over-
estimated by about 5°. Hence, it can be concluded that
ab/adduction patterns of the calcaneus with respect to
the tibia can be determined reliably when using external
(skin) markers as used in this investigation. For in/ever-
sion, the skin and bone marker based results showed
that the skin marker based in/eversion had similar
patterns as the bone marker based in/eversion, with,
however, a higher amplitude. Similarly, the bone
marker based plantar/dorsiflexion was well reflected by
the skin marker based result, but again with a higher

amplitude in both plantarflexion and dorsiflexion. The
reason for the phenomenon that the calcaneus-tibia
rotation was amplified when measured with external
markers may be 2-fold. Firstly, the movement of the
shoe may be different from the movement of the foot
[27,28]. This will be discussed in more detail later.
Secondly, some of the movement between foot/shoe
and shank may occur in the talonavicular joint rather
than in the joints (talocalcaneal and talocrural joint)
located between calcaneus and tibia.

The segmental error analysis showed that the error
patterns caused by the shoe/foot segment were similar
across all the subjects in all three AJC rotations (Fig.
7). On the other hand, there were no apparent error
patterns in the AJC kinematics for the errors caused by
the shank. This observation was similar to what could
be observed for the errors due to the shank at the
tibiofemoral joint where again no apparent error pat-
terns for the shank were found. On the other hand, at
the tibiofemoral joint, the error patterns caused by the
thigh were somewhat similar across subjects (Fig. 5),
but they were not as uniform across subjects as the
error patterns caused by the shoe/foot at the AJC (Fig.
7). This observation implies that the external marker

Fig. 7. Effect of the skin movement artefact of the shoe (——) and
shank (- - -) on rotations at the ankle joint complex. Each curve
represents the average difference in one subject between bone based
AJC motion (femur-tibia) and the shoe-tibia (——) as well as the
calcaneus-shank (- - -) motion. Positive error values indicate overesti-
mation of the bone movements to the skin movement artifact.



C. Reinschmidt et al. / Gait and Posture 6 (1997) 98–109108

movement artefact is more predictable for the AJC
than for the knee joint. However, it has to be realized
that the similarity in error patterns at the knee and
AJC may be dependent on the homogeneity of the
subjects analyzed. The subjects included in this study
were rather homogenous. None of the subjects could
be considered obese, they were all male, and they
were all about the same age. The challenge of devel-
oping a model to correct for skin movement artefact
for any subject would be to account for individual
factors such as the amount of adipose tissue in the
lower extremities and the movability of the skin with
respect to the underlying tissue. This has also been
pointed out by Holden and co-workers [10] who sug-
gested that a generalized model of soft tissue error (at
the shank) has to account for individual subject dif-
ferences.

The relative motion of skin with respect to the un-
derlying bone can be caused by inertial effects, the
non-rigid attachment of the skin to the bone, and by
movement caused by muscle contractions underneath
the skin. Artefacts due to inertial effects should pri-
marily occur during the first 50 ms of stance phase,
the impact phase, and should be minimal during the
remaining stance and swing phase. Artefacts due to
muscle activity can occur during the entire stance and
swing phase. It is difficult to estimate the contribution
of these effects on the relative movement between skin
and underlying bone. Based on the qualitative obser-
vation of the films, it was felt that the skin movement
artefact during the stance phase was mainly caused by
muscle movements. Qualitative assessment also sug-
gested that the skin artefacts due to muscle move-
ments may even be higher during the swing phase
than during the stance phase analyzed in this investi-
gation.

The skin movement artefacts at the shoe/foot seg-
ment have to be considered differently than the skin
movement artefact occurring at the shank or tibia. A
shell (shoe) is added on top of the skin which may
introduce an additional relative motion. Therefore,
the movement between shoe and calcaneus can be
broken down into the relative movement between the
shoe and foot and the movement between foot and
calcaneus. The data gathered in this study did not
allow one to conclude if the skin movement artefact
seen at the AJC was mainly due to the relative move-
ment between the shoe and foot or due to the relative
movement between foot and calcaneus. However,
based on the fact that part of the heel counter had to
be removed to accommodate the bone pin may sug-
gest that the heel counters of these shoes were not
very firm. This may have allowed for a considerable
relative motion between the shoe and foot. The result
that the movements based on the shoe markers were
generally larger than the actual movement was in the

same direction as the differences found in investiga-
tions comparing the rearfoot movement based on
shoe and foot markers as viewed through windows
cut into the shoe [27,28]. It may be argued that the
skin movement artefact caused by the relative motion
between shoe and calcaneus was mainly caused by the
relative motion between shoe and heel and not be-
tween heel and calcaneus. In other words, if windows
were cut into the shoe and markers were attached to
the skin of the heel, the tibiocalcaneal motion may
have been better estimated than with the markers at-
tached to the shoe.

5. Conclusions

The results of this study showed that tibiofemoral
rotations determined with external markers as em-
ployed in this study have to be used and interpreted
with caution for any type of gait analysis. Knee rota-
tions other than flexion/extension are small and the
errors induced through skin movement artefacts may
well exceed the actual motion occurring at the
tibiofemoral joint. For some subjects, there was no
agreement in the shape of ab/adduction or internal/
external knee rotations as determined with skin and
bone markers. Therefore, we suggest that knee rota-
tions other than flexion/extension may be affected
with substantial errors when determined with external
skin markers.

At the ankle joint complex, skin/shoe marker based
kinematics gave a relatively good estimate of the ac-
tual tibiocalcaneal motion. In particular, the shape of
in/eversion, ab/adduction, and plantar/dorsiflexion at
the AJC was well reflected with the use of external
markers. However, the AJC rotations are generally
overestimated when using external markers. Therefore,
skin/shoe markers may be used to ‘reflect’ the AJC
motion; however, absolute values have to be used and
interpreted with caution.
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