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ABSTRACT
This paper proposes a kinematic approach for describing soft tissue artifacts (STA) in human
movement analysis. Artifacts are represented as the field of relative displacements of markers with
respect to the bone. This field has two components: deformation component (symmetrical field)
and rigid motion (skew-symmetric field). Only the skew-symmetric component propagates as an
error to the joint variables, whereas the deformation component is filtered in the kinematic analysis
process. Finally, a simple technique is proposed for analyzing the sources of variability in order to
determine which part of the artifact may be modeled as an effect of the motion, and which part is
due to other sources. This method has been applied to the analysis of the shank movement induced
by a vertical vibration in 10 subjects. The results show that the cluster deformation is very small
with respect to the rigid component. Moreover, both components show a strong relationship with
the movement of the tibia. These results suggest that artifacts can be modeled effectively as a
systematic relative rigid movement of the marker cluster with respect to the underlying bone. This
may be useful for assessing the potential effectiveness of the usual strategies for compensating for
STA.

Soft tissue artifacts, Human movement analysis, Kinematics, Vibrations,
Systematic and random errors.
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1. Introduction
Soft tissue artifacts (STA) are a major source of error in human movement
analysis. Thus, there are many studies aimed at evaluating their nature and effects.
Leardini et al. [17] reviewed different techniques for assessing and compensating
for STA. More recently, Peters et al. [23] carried out a systematic review where
they indicated the main limitations of published studies. As that review pointed
out, the measurements of STA are varied, and such diversity complicates the
comparison of results among studies.
Some studies have described STA as the displacement of individual markers in a
bone-embedded reference frame, and have assessed specific anatomical landmark
errors [27, 32], the distribution of artifacts depending on the segment region [28,
33], or local skin deformations [15].
Others have focused on the effects of STA on kinematic analysis, by comparing
the results obtained from the measurements of skin markers with those obtained
from an artifact-free gold standard. Such results are usually joint angles [3, 5, 1819, 25], but some also compared the location of joint axes and centres of rotation
[26, 31]. That approach is very useful for determining the expected size of STA
errors for specific movements, although it does not provide us with information
about the origin and characteristics of the artifacts themselves.
There have been some attempts to describe the kinematic nature of STA. It is
widely acknowledged that STA cause a deformation of the marker cluster (DMC),
plus a rigid movement (RM) of the whole set. The distinction between these
components is actually the basis of some methods of STA assessment and
compensation. Thus, the Point Cluster Technique evaluates these components
through the variation in the inertia tensor of the marker cluster [2, 4, 6]: RM is
characterized as the transformation of the eigenvectors, whereas DMC is
calculated as the variation in the eigenvalues; alternatively, DMC has also been
assessed as the variation in inter-marker distances [15]. However, there are few
studies on the quantitative relationship between these components. Only recently,
Stagni and Fantozzi [30] compared the values of RM and DMC for thigh and
shank in order to evaluate the possible correlation between both components, and
the possibility of compensating for STA on the basis of DMC information. That
study suggested that deformations are not good indicators of the RM component.
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The relation between STA and joint motion is also an important issue. STA result
from motion, but they depend on different causes, including muscle deformations,
skin sliding or inertial effects [17]. This diversity of mechanisms introduces
potentially great variability. Although some studies suggest that the largest part of
STA is systematic and associated with the movement cycle [25, 31], there is a
shortage of published models that quantify such variability, or determine its effect
upon the RM and DMC components of STA.
This study is aimed at answering two questions. First, what is the quantitative
relationship between the RM and DMC components of STA? And second, are
RM and DMC components essentially systematic, so that it would be possible to
define functional relations with bone movement? The answers to these questions
will be useful to assess the potential effectiveness of the usual strategies to
compensate for STA.
To achieve this objective, a vector procedure to quantify and compare RM and
DMC is proposed. This procedure provides us with information about both the
movement of marker clusters as a single entity, and about individual markers as
well. After separating both components, their variability is analyzed in order to
determine what part is accounted for by the bone movement, and what part comes
from other sources. This characterization is applied to the STA measured in an
experiment, where the subjects’ shanks were passively moved by vertical
vibrations.

2. Methods
STA quantification approach
Let us consider a body segment whose position is measured from a cluster of n
skin markers, Pi, and assume that we can observe the movement of the underlying
bone by an artifact-free alternative method, like external fixators, intracortical
pins or videofluoroscopy, as described in [23]. At the reference instant t 0 , the
bone is at pose B0, and the skin marker cluster is at position Pi0, with their centroid
in G0 (Figure 1). In another instant, the bone moves from B0 to B1. This
displacement can be described by the translation G 0 G 1 plus a rotation that we
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represent by the attitude vector ș [34]. These variables can easily be calculated
from a set of bone points [21, 34].
If the markers were rigidly attached to the bone, then they would move from Pi0 to
a theoretical position Pi1. However, due to STA, skin markers may have moved
with respect to the bone, and there may be some instrumental errors as well.
Therefore, their observed position Pi will be different from Pi1.
G
The difference between Pi1 and Pi ( δri ' in Figure 1) is the position error of the
markers, which is usually represented in a moving, bone-embedded anatomical
frame, in order to describe the movement relative to the bone [9]. The same
relative movement can be obtained from the calculations in any reference frame
G
by applying to Pi the opposite displacement of the bone, ®− ș,− G 0 G 1 ½¾ , so that
¯

¿

they move to Pi2. The operation to perform such a finite displacement is [21]:

(

G
G G
Pi P i2 = −G 0 G 1 − sin ș u × G 1 P i + (1 − cos ș) u × u × G 1 P i

G

G

)

(1)

where u is the unit vector of ș .
Note that Pi2 represents the position of the i-th marker affected by the STA, seen
by an observer that moves as the bone does. Thus, the relative displacement of the
marker with respect to the bone, as seen from a frame fixed to the bone, is:
G

δ ri = Pi0 P i2

(2)

STA model: skew-symmetric and deformation fields
G
The error in the kinematic analysis is a rotation dș and a translation G 0G 2 ,
G

which results from fitting a rigid motion to the field of relative displacements, δri .
For small rotations (<~10 deg), the fitted kinematic variables can be approximated
by linear equations as in the analysis of infinitesimal displacements [20]:
n
G
−1
dș ≈ J G 0 ¦ G 0 Pi0 × δri

(3)

i =1

n

G 0G 2 ≈

¦ δri
i =1

n

(4)

where J G 0 is the inertia tensor of the marker set with respect to its centroid,
assuming that the markers have unitary mass.
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For small rotations, moreover, the RM component of the artifact can be
approximated as a skew-symmetric field of displacements
G

G

δ rsi = G 0G 2 + dș × G 0 P i0

(5)

G

The DMC is just the remaining field δ rdi , so that
G

G

G

δ ri = δ rsi + δ rdi

(6)

Figure 2 shows a simulated example of the decomposition of a field of
infinitesimal displacements into the RM and DMC components.
Most methods of motion analysis are based on rigid body kinematics, so that only
G

the RM (δ rsi ) is compatible with the condition imposed by such models, and will
G

propagate to the kinematic variables. On the other hand, DMC (δ rdi ) will have no
effect on those calculations.
STA variability sources
STA depend on two main causes related to the motion: the slow compression and
stretching of muscles, and the dynamic response of soft tissues to inertial forces in
quick movements and impacts [24]. Both causes are systematic and only depend
on the characteristics of the subject and the movement so, for identical repetitions
of a movement, both RM and DMC should vary to some extent as a function of
the bone motion, although some differences across repetitions can also be
expected. The terms Phase-Dependent Variability (PDV) and Phase-Independent
Variability (PIV) will be used to refer to the systematic variations of STA that only
depend on the bone motion, and the remaining non-systematic variability,
respectively. The size of both sources of variability may be evaluated as follows:
Let us consider a phase variable, called q, associated with the progression of a
cyclic bone movement. For instance, q could be the hip flexion angle for the
analysis of thigh movement during gait cycles. For a totally systematic relation
between the STA and the bone movement (without PIV), there would be one
G

single function δ ri (q) that defines the STA exactly as a function of q for all
cycles, and all the variability of this function would account for PDV. Due to the
natural variability of the motion and uncontrolled factors, there is actually a
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G
different function δ ric (q) for each cycle (c=1, 2, …, nc), although it can be
G

related to a common average δ ri (q) , calculated as in [22]:
G
G
G
į ric (q) = įri (q) + İ ic (q)

(7)

G

where İ ic (q) is an error function associated with non-systematic factors, and is the
part that accounts for the PIV. The relative importance of PDV compared with
PIV can be quantified by comparing the sums of squares associated with each
function and the total variability. Thus, PIV may be quantified as the residual sum
of squares, SSR:
nc
nc
G
G
G
2
2
SSR = ¦ ¦ (İ ic (q ) ) = ¦ ¦ (δ ric (q ) − δ ri (q ) )
c =1 q∈Q

(8)

c =1 q∈Q

The total variability of the STA (SST) can be calculated as:
nc
G
G
2
SST == ¦ ¦ (δ ric (q ) − mean[δ ri (q )])

(9)

c =1 q∈Q

G
G
where mean[δ ri ( q)] is the average of į ri (q) across all the domain of q. Finally,
PVD is quantified as the difference between the total and residual sums of
squares:
SMM = SST − SSR

(10)

This variability may be standardized as an R-value, the nonlinear correlation
coefficient that is calculated from the variance ratio explained by the model:
R=

SSM
SSR
= 1−
SST
SST

(11)

This procedure can be applied to the whole position error of a marker, as in this
example, or separately to the RM and DMC components. It can also be applied to
the full set of markers in the cluster, by aggregating the sums of squares:
R=

¦
1−
¦

n

i =1
n

SSR

(12)

SST
i =1
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Experiment setup

With the purpose of illustrating the abovementioned characterization of STA, the
artifacts caused by longitudinal vibrations applied to the shank were analyzed.
The main objective of this experiment was the validation of the proposed
description of STA from a mechanical point of view, rather than describing the
actual artifacts that occur in common gestures.
The experiment was performed with 10 healthy volunteers (6 male and 4 female),
aged between 18 and 51 years old. The procedure was approved by the IBV’s
ethical committee, and all subjects signed an informed consent prior to their
participation.
Figure 3 shows the experimental device. The subjects sat on a fixed seat, and their
left shank and foot were fitted onto a frame fixed onto an electro-dynamic
vibration exciter (V712 Ling Dynamic Systems). Foot and tibia were fitted with a
strap and side supports that exerted pressure on the foot insole, malleoli and
femoral epycondiles. The top bar of the frame was adjusted and pressed down on
the subject’s knee to ensure that the tibia moved rigidly with the frame. Thus, it
was possible to assess the artifact-free bone movement with a cluster of 8 markers
attached to the frame. The skin movement was measured with a mesh of 14
reflective, circular markers of 10 mm diameter attached to the lateral side of the
shank.
Prior to the experiment, the subjects were asked to try to move their leg in order to
evaluate the relative motion of the bone with respect to the rigid frame. A set of
two additional markers were placed on the anterior side of leg, over the tibia, at
approximately 1/3 and 2/3 of the knee height. The pressure of the straps and
supports was increased when the motions of those markers were larger than 1.0
mm in any direction. Considering that an average separation between those
markers was around 200 mm, the error implied by that motion would be less than
1 mm in linear translations, and less than 0.6 deg (2/200 rad) in rotations.
In order to achieve perceptible STA, the subjects were asked to keep their legs
relaxed, and before the trial a frequency sweep was performed between 5–15 Hz
to detect the resonant frequency of each subject’s shank. The resonant frequencies
were between 9 and 13 Hz for all subjects.
8
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After detecting the resonant frequency, a sinusoidal vibration at that frequency
was applied to the device, with a peak-to-peak amplitude around 3 mm, and the
motion of the frame and the skin markers was recorded. The motion transmitted to
the leg was a linear translation without rotation, so the vertical displacement of the
tibia was used as the phase variable q. The Kinescan-IBV videophotogrammetry
system [20] was used for this purpose, with two cameras and a sampling
frequency of 120 fps. The system was calibrated by bundle adjustment, and the
instrumental error, assessed as in [20], was 0.3 mm in all coordinates.
Data processing and statistical analysis

The absolute movement of the frame/tibia was measured, and the artifact was
calculated as described in the section “STA quantification approach”. The size of
G

G

{G

G

}

δ ri , δ rdi , δ rsi , and the variables of the skew-symmetric field dș ; G 0 G 2 were

assessed as their root mean square (RMS). These values were normalized with
respect to the vibration amplitude in order to have comparable results in spite of
departures from the nominal amplitude.
Finally, the relative importance of PDV and PIV were quantified by means of the
R coefficient as defined in Eq. (11). In this experiment the tibia was rigidly
attached to the vibrator by means of the rigid frame, and only experienced a
vertical translation with no rotation. Therefore, the vertical displacement of the
rigid frame was chosen as the variable q that described the cyclical motion. The R
G

G

coefficient was calculated for dș and G 0 G 2 as RM variables, and for δ rdi as
DMC variables.
All vectors in the analysis were expressed in a global frame, with X in the
anterior-posterior direction, Y vertical, and Z in the medio-lateral direction.

3. Results
G

Figure 4 shows an example of the decomposition of δ ri in a specific instant. This
figure reveals that nearly all the STA could be explained by a rigid movement of
the marker cluster (see a video sample in Online Resource 1).
Table 1 shows the size of the RM and DMC components for each coordinate and
G

for vector norms. The size of δ ri was about three times the amplitude of bone
9
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movement (3.35 mm/mm). The greatest value was in the direction of the applied
vibration (3.05 mm/mm in Y-axis), although there were substantial relative
movements in the other axes as well.
The RM component was over four times that of the DMC (3.22 mm/mm vs 0.71
mm/mm). Both components were substantially greater than the instrumental error
(0.3 mm in absolute value, around 0.1 in the normalized scale) and greater than
the clearance of the constrictions over the foot, ankle and knee (less than 1.0 mm
in absolute value, 0.33 mm on the normalized scale).
The largest part of RM was a longitudinal translation of the marker cluster along
the Y-axis, plus a small rotation (mean=1.40 deg/mm) around the medio-lateral
axis (Z), compatible with the assumption of infinitesimal displacements. DMC
was also greater in the Y-axis, although its size varied substantially across
markers, so that the central ones underwent a smaller deformation. The measured
STA rotation dș was substantially greater than the maximum angular error due to
the potential motion of the tibia with respect to the frame (0.6 deg in absolute
value, and 0.2 deg on the normalized scale).
Figure 5 shows the relationship between the RM variables and the phase variable
G

q (vertical displacement of the tibia) for the subject #5. Both G 0 G 2 and dș show
a small random dispersion around the functional average curves (small PIV),
whereas the variability associated to such functional averages is proportionally
much greater (high PDV). The average R coefficient, that represents the
proportion between PDV and total variability was 0.992 for G 0 G 2 (minimum
G

0.976), and 0.989 for dș (minimum 0.974).
G

As already mentioned, δ rdi varied considerably across markers, so the PDV/PIV
ratio was very variable as well. In general terms, DMC was more affected by PIV,
although the Y-component tended to be greater and more correlated with q (see an
example in Figure 6). The R coefficient depended on the marker: the interdecile
range for individual markers was [0.60, 0.97], and the aggregated coefficient for
all markers varied between 0.69 and 0.98 across subjects (average 0.87).

4. Discussion
Soft tissue artifacts are a major limitation in the analysis of human movement by
videophotogrammetry. Previous studies show different approaches to the
10
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assessment of STA, based on either the movement of individual markers in a
bone-embedded frame or on the differences in results compared with an artifactfree standard. In this paper STA have been studied as the relative movement
between the marker cluster as a single entity and the underlying bone. This
approach is consistent with the usual practice of analyzing movement by adjusting
marker coordinates to a rigid body movement, but it has been less studied in the
literature. Fuller et al. [14] described the relative movement from the body’s
angular velocity, measured with a minimal set of 3 markers. There are also matrix
methods for larger marker clusters, like the Point Cluster Technique and related
variants, mentioned in the Introduction.
This paper proposes a vector method based on the composition of relative
movements. Traditional methods based on the relative pose of technical and
anatomical frames will yield the same results if the reference frame coincides with
the anatomical frame in the initial position, but our proposal does not depend on
the location of specific anatomical landmarks.
This representation has been used to analyze two aspects of STA: the
quantification of RM and DMC, and the influence of bone movement on the
variability of those components.
The quantification of the RM and DMC components is useful in some approaches
to STA compensation. In effect, the isolation of the rigid component of STA is the
basis of rigidization techniques for artifact compensation [2, 4, 10]. On the other
hand, the deformation component has been used in noninvasive procedures to
compensate for artifacts [6]. However, there are few studies that compare both
components [30]. All these papers measure deformation as the variation in the
eigenvalues of the marker inertia tensor. Another approach to modeling
deformations is non-Euclidean transformations, as described in [11].
We have proposed a simple vector procedure to separate DMC and RM by
decomposing marker displacements into a symmetric and a skew-symmetric field,
respectively. This method does not require the calculation of eigenvalues, and the
results represent the marker movements directly. Moreover, the equations in this
procedure show that DMC is filtered and does not introduce kinematic errors if
the rigid body condition is imposed in the analysis. This idea is supported by
Stagni and Fantozzi’s results, which imply that deformations are not good
indicators of the RM component.
11
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This study has also presented a model for quantifying the dependency between
STA and bone movements, which is an important issue regarding the
compensation techniques based on functional calibration [2,7-8, 16-17, 25, 29].
These techniques assume that there is a functional relation between bone
movement and STA, so that the measured movement can be used to estimate the
value of the artifact and eventually remove it. Therefore, their effectiveness
depends on the part of the total variability that can be explained by such an
estimation, although we have not found any work that performs such a
quantification. That relation has been characterized by means of a nonlinear
correlation coefficient, obtained from the functional average of a cyclical
movement in the domain of the motion variable q. That coefficient quantifies the
relative size of the systematic component of STA (PDV) vs. the total variability,
when the functional relation with the phase variable q is nonlinear, as happens in
this case.
In the experiment that has been reported (STA during sinusoidal motion of the
shank with the knee flexed at 90 degrees, assuming no muscle tone), the artifact
was essentially a rigid translation in the direction of the force applied to the leg,
plus a small rotation around the medio-lateral axis. DMC was less than one
quarter of the mean total artifact for individual markers. This agrees with the
results in [31], and accounts for the limited effectiveness of the rigidization
methods to compensate for STA [17].
With respect to the dependency between STA and bone movement, we have
found slightly different behavior between the RM and DMC. The profile of
G
G 0 G 2 and dș over the cycles was highly systematic, so the RM component was

closely associated with the bone movement, in agreement with the results of
previous studies [1, 16, 24-25]. DMC had a systematic part as well, but the
influence of errors independent of the bone movement was relatively higher. This
may be partly due to the smaller size of that component, but also to the fact that
clusters with many markers (n=14 in our experiment) reduce the effect of random
errors in the calculation of RM parameters [20], whereas there is no such
reduction in the calculation of DMC variables.
The phase-dependent nature of STA has two important implications. On the one
hand, it supports the strategy of multiple calibration based on STA models for
specific movements, like the ones cited above. On the other hand, it calls into
12
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question some validations of functional calibration methods based on simulations
where the artifact has an important random component [11-13].
Extrapolations of these results must be done with caution, due to some limitations
in the experiment performed. Most importantly, STA were elicited passively,
without joint movements or muscular tension, and this departs from natural
movements in clinical applications. Besides, the experiment was deliberately
designed to obtain a substantial amplification of artifacts: a steady state of
vibration around the resonant frequency of the soft tissue. These kinds of
sinusoidal forces are quite different from the impacts which appear in gait, for
instance, and can only be extrapolated to body vibrations. For instrumental
reasons only shank artifacts have been measured, whereas the lower limb segment
with the greatest STA is the thigh [17, 23]. It is possible that the application of
this method to characterize STA in other body segments (e.g. the thigh) in natural
movements (gait, sit-to-stand, etc.) with accurate measurement of the STA yield
different relative sizes of the RM and DMC, and of their sources of variability.
This may be confirmed in future studies using intracortical pins or fluoroscopy.
In the present study, instead of these gold standard procedures, the movement of
the bone was obtained indirectly from the motion of a frame as rigidly as possible
attached to the lower limb. Since this was not a direct observation of the bone, the
possibility of some relative motion between the frame and the tibia cannot be rule
out, although that possible additional artifact was controlled, and its estimated size
was much smaller than the measured STA. On the other hand, this experimental
setup had some advantages: it did not alter the movement of muscular tissues and
was noninvasive and simple, so that it is possible to work with bigger subject
samples than in other methods.
Regardless of the limitations associated with this specific experiment, the reported
procedure for the kinematic characterization of STA can be applied for any other
type of motion, just by using other experimental devices and phase variables.
All in all, this method contributes to improving our knowledge of STA by
describing the part that affects the kinematic variables (RM), and by assessing the
feasibility of estimating the value of STA on the basis of joint movements.
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FIGURE CAPTIONS

{

}

H
Figure 1 Bone displacement is defined by ș; G 0G1 , so that a point Pi0 would
move to Pi1, but skin markers experience a superimposed displacement with
G
respect to the bone δri ' , and the observed position of the point is Pi. The relative
G
movement of the markers, δri , is calculated by applying the opposite
H
G
displacement − ș;−G 0 G 1 . Therefore, Pi moves back to Pi2, and δri is the vector

{

}

that goes from Pi0 to that point.

Figure 2 (a) A synthetic example of decomposition of a field of infinitesimal
displacements (black arrows) into two components: skew-symmetric component
(grey thick arrows) and symmetric component (grey thin arrows). (b) The skewsymmetric field corresponds to the rigid motion: it is equivalent to a displacement
and a rotation. (c) The symmetric component is the deformation field. This field
does not imply any global motion, because both the rotation and the displacement
of its centre are null. Therefore, for any kinematic analysis procedure that works
with Euclidean transformations (rigid condition), the measured motion of (a) is
the same as that measured in (b).

Figure 3 Experimental setup. The rigid metallic frame is fixed to the vibration
exciter. The subject’s leg is firmly attached to the frame by the foot support and
two rigid structures are pressed against the malleoli and epycondiles. Moreover,
the top horizontal bar is pressing down on the knee to prevent vertical movements
between the frame and the tibia

Figure 4 Example of relative displacement fields of the markers (subject #5).
G
Black vectors represent the total displacement δri ; grey, short vectors ending in
G
circles are the symmetric field ( δrdi ); grey, without end markers are the skewG
symmetric field ( δrsi )
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Figure 5 Phase diagrams of the rigid motion associated to the STA. a) Marker
H
centroid displacement G 0 G 2 ; b) cluster rotation dș , for subject #5. Points
represent the measured values, and the “fitted” curves represent the functional
H
averages across cycles ( G 0 G 2 (q ) and dș(q ) , respectively).

G
Figure 6 Phase diagram of the DMC component of marker #4 ( δrd 4 ) for subject

#5. Points represent the measured values, and the “fitted” curves represent the
G
functional average across cycles, δrd 4 (q ) .

Online Resource 1. Video sample.
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Table 1
RMS averages and standard deviations for RM and DMC variables. All values are
normalized with respect to the peak-to-peak amplitude of the vertical bone movement.
Component Variable

Total STA

&
δ ri

X

Y

Z

Norm

coordinate

coordinate

coordinate

0.88 (0.33)

3.05 (0.80)

0.92 (0.28)

3.35 (0.79)

0.34 (0.13)

0.46 (0.16)

0.41 (0.13)

0.71 (0.24)

0.91 (0.31)

3.00 (0.81)

0.83 (0.29)

3.22 (0.78)

0.73 (0.27)

2.96 (0.82)

0.73 (0.31)

3.09 (0.85)

0.77 (0.25)

0.63 (0.23)

1.40 (0.52)

1.72 (0.60)

(mm/mm)
DMC

&

δ rdi

(mm/mm)
RM

&

δ rsi

(mm/mm)
G 0G 2

(mm/mm)
&
dș

(deg/mm)
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