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Abstract

INTRODUCTION: To test and analyze the kinematics of elite athletes in their natural
training or competition environment represents one of the most interesting and biggest
challenges of sport science nowadays. The state of the art for motion analysis in this
field is marker tracking based on a video image or infrared (stereophotogrammetry). Be-
sides the known problems of tissue artifact, displacement of markers, and alteration of
motion patterns caused by markers, the laboratory measurement environment required
for this method contradicts the demand of biomechanical analysis close to training or
competition. Therefore, markerless video-based tracking is seen as a potential method to
make movement analysis quicker, simpler, easier to conduct, and closer to the athlete’s
familiar surroundings. Since this technology is still new for application in the fields of
sports, markerless systems have to be evaluated for adequate accuracy. So far, There is
only few scientific work dealing with the development and realization of silhouette-based
tracking in gait analysis, and no general evaluation of silhouette-based tracking which
takes all relevant kinematic parameters into account axist. The purpose of this study was
therefore to assess the accuracy of the new silhouette-based tracking software Simi Shape
compared to the ’gold standard’ marker-based tracking.

METHOD: In order to quantify the accuracy of silhouette and hybrid tracking against
marker-based tracking, four different power strokes (serve, forehand, one-/two-handed
backhand) of an elite tennis player were recorded by an 8-camera motion capture system
(Simi Reality Motion Systems, Unterschleißheim, Germany). One and the same recording
of each stroke was used for all three tracking methods. The marker-based tracking was
based on a full body marker set with 46 retro reflective markers. 3D data of 12 mark-
ers attached to the upper limb and the trunk were used for the hybrid tracking. All in
all, 1640 data pairs based on the record of the four tennis strokes were entered into the
statistical analysis. The empirical correlation coefficient r and the standard deviation of
the differences SDdiff were compared for the parameters joint angle (JAng), joint center
location (JC) and segment center of mass loacation (SegCOG). Furthermore, the gradi-
ent a1 of a linear function as a result of a simple linear regression was used to check the
similarity of data in case of a very strong correlations.

RESULTS: The SegCOG as well as the JC reached a high level of tracking accuracy for
each segment / joint in each stroke for silhouette tracking as well as for hybrid tracking.
The overall standard deviation of the differences was SDdiff = 27mm for the SegCOG
and SDdiff = 29mm for the JC. Hybrid tracking improved the SDdiff for all SegCOG
(SDdiff = 19mm) and JC (SDdiff = 17mm) of the upper trunk and upper limb. Joint



angles showed very strong correlations for the ankle, knee and shoulder joint in the sagit-
tal plane for the groundstrokes as well as for the shoulder abduction/adduction for all
strokes. The SD varied for each joint of the upper body between the strokes and could
not kept continuously below the defined threshold of 10◦. The SD of the ankle joint and
knee joint in sagittal plane for all strokes was smaller than 10◦. Only the knee joint
flexion/extension as well as shoulder abduction/adduction met all requirements of high
tracking accuracy. For the elbow joint flexion/extension as well as for the left shoulder
flexion/extension high accuracy results of hybrid tracking were gained for all stroke types.
Furthermore, the correlation coefficient was improved for all shoulder joint movements.

DISCUSSION/CONCLUSION: Due to the known errors of marker-based tracking,
it’s use as reference is questionable. Thus, small deviations between the data can either
be based on tracking problems of markerless tracking or marker-based tracking. Further-
more, a clear separation between the errors based on the tracking method and those based
on the different body models cannot be guaranteed.
From an applied point of view, the presented results support the usage of this time saving
tracking technology. Based on the good accuracy results for the JC as well as for the
SegCOG, all scientific problems dealing with the body posture and movements of several
resp. all segments and, thus, dealing with timing of single motion patterns and momen-
tum transfer can be answered unrestrictedly. However, for exact joint angle data except
the knee and elbow joint, additional sources of rotational information should be used.
Due to the problems of marker-based tracking and the difficulties in separating effects
based on the tracking method and effects based on the body mode, an alternative method
should be used for the exact evaluation of tracking accuracy.
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Chapter 1 Introduction

1 Introduction

„The testing and monitoring of elite athletes in their natural training environment is a
relatively new area of development” [44]. A closer look into the current state of scien-
tific research confirms this statement. However, almost all technical reports of kinematic
analysis were done in a laboratory environment [65]. These approaches allow detailed
insights into kinematicas and kinetics of the respective kind of sport. Coaches and ath-
letes, as well as scientists try to find answers concerning the three principal points of
view in sports sciecne: improvement of training, improvement of movements (technique),
and understanding of injury development [60]. Marker-based motion capture is still the
standard technique of motion capture in biomechanical research. Six to twelve highspeed
cameras are typically used to record the moving subject in a predefined measuring vol-
ume. Measuring systems based either on video or on infrared cameras are used to track
up to 40 reflecting markers (depend on the used biomechanical human model) attached to
subject’s on skin anatomical landmarks. Based on the gained 3D location of each marker
in space (as functions over time), several calculation templates (usually included in the
software offered by the developing company of the measuring system) are produced to get
kinematic information of each body segment. With a very high accuracy of marker detec-
tion [4] and the possibility to represent movements of all segments in all planes, this kind
of motion analysis complies with the high demands on scientific research. Standardized
isolated movements in a predefined space can be measured in a laboratory environment to
get information about sport-specific kinematic characteristics of each recorded movement.
"Research shows that an expansive view of subjective technique analysis, the procedure
generally used by coaches, is required if performance is to be optimized" (Knudson and
Morrision, 2002). Furthermore, in highly dynamic sports, such as tennis, it is necessary to
utilize motion analysis to account for the high movement velocities. For example, a serve
in tennis is done with velocities up to 160km/h [46]. It is not possible for the human eye
to observe detailed characteristic of movement patterns as well as discrepancies from the
target state of technique. Therefore, camera-based motion analysis is mandatory for the
support of qualitative analysis and moreover to gain objective data of a single section of
a movement as well as for a whole motion sequence. Based on this kind of measurement
method, all relevant key performance factors of each known tennis stroke were identified
in the past thrity years [2, 35, 72].

But there are also some known problems concerning a marker-based motion analysis which
are described in the following chapter.
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Chapter 1 Introduction

1.1 Disadvantages of marker-based tracking
Leardini et al. [58] state the soft tissue artifact as the "most critical source of error in
human movement analysis". It is caused by a "relative movement between the markers
and the underlying bone" [58]. The most common method to measure this offset between
a marker and its anatomical reference point is to use either intra-cortical pins or X-rays.
Both methods are limited in their utilization because of its invasive characteristics. Al-
most all known studies concerning the soft tissue artifact measured marker displacements
or their influence on joint angles at the lower extremities. Lafortune et al. [54] reports
a marker displacement in unloaded knee flexion-extension up to 23mm, measured with
intra-cortical pins. Fuller et al. [34] calculated an offset up to 20mm. Concerning knee
joint rotations, the comparison between cortical pins and skin attached markers showed
a big discrepancy. A difference in the range of motion of internal-external rotation of the
knee joint up to 30◦ occurred. Further findings reported that the marker displacement
at the thigh is greater than at the shank [47]. Roughly the same results are given by
the investigation of Reinschmidt et al. [74] in which the authors compared the marker
displacement during walking and running. They reported that "most of knee rotation
errors are due to soft tissue artifacts at the thigh" [75]. The authors measured for the
knee joint angle an error relative to the range of motion of 21% for flexion-extension, 63%

for internal-external rotation and 70% for abduction-adduction. Investigations based on
X-rays confirm the displacment levels of skin attached markers. Sati et al. [80] mea-
sured a root mean square of the knee marker displacement of 17.1mm with a maximum
of 42.5mm in walking trials and error up to 55.3mm in a sit-to-stand movement. These
inaccuracies seem to be small in absolute magnitude. However, due to a large number of
calculation during the biomechanical analysis, they can produce large errors in the final
output (e.g. joint angles).
In addtion, the displacement of markers closer to a joint increases [47], it is not repro-
ducible among different subjects [58] and it is greater during extremes of joint angles
[12, 74]. This is shown in the only scientific work dealing with the upper extremities
concerning this topic by Gordon and Dapena [38]. They worked out that skin attached
markers can produce errors more than 20◦ in the upper arm twist orientation in a high
dynamic movement (e.g. a tennis serve) based on inaccurate joint center calculations.
Another disadvantage of using reflecting markers in case of stereophotogrammetry is the
"incorrect location of subcutaneous bony landmarks through palpation" [22]. Although,
there are exact predefined locations where the markers have to be attached (e.g. [9]), it is
impossible to place them on the exact same spot for different measurements conducted by
the same or by different examiners. Three main factors were mentioned to cause this error.
First, the relevant anatomical landmarks are not that prominent, more irregular and/or
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Chapter 1 Introduction

large surfaces. Second, the soft tissue layer covering the bony reference points varies in
thickness and composition, and third, several palpation procedures were used to identify
the anatomical landmarks [22]. Concerning the effect of examiner, Della Croce et al [21]
determined the inter-examiner and intra-examiner anatomical landmark precision values
with four markers attached to the pelvis, seven to the thigh, six to the shank and four
to the foot. Table 1.1.1 shows the maximum 3D-error of markers at each segment. They
reported a bigger error for the inter-examiner anatomical landmark precision compared
to the intra-examiner and a decreasing error for the intra-anatomical landmark precision
to the more distal foot segment.

Segment Intra-examiner (mm) Inter-examiner (mm)

pelvis 21.0 24.8
thigh 17.9 19.2
shank 10.0 19.7
foot 10.3 21.5

Table 1.1.1: Maximum intra- and inter-examiner anatomical landmark error [21].

Based on the error concerning the marker position, Growney et al. [39] analyzed the
effect of displacement on joint angles. They examined within-day and between-day repro-
ducibility of hip, knee and ankle joint angles by comparing the data with the coefficient
of multiple regression. Results demonstrate a good between-day and within-day correla-
tion for sagittal movements of all joints but worse correlations for out-of-sagittal plane
movements, especially for the knee and ankle joint. Furthermore, Tsushima et al. [87]
assessed the inter-tester reliability for marker placement at the lower extremities and con-
firmed the results of Growney and colleagues. Another problem that goes hand in hand
with marker-based motion analysis is the possible "risk of artificial stimulus producing
unwanted artifacts that could mask the natural patterns of motion" [65]. These artificial
stimuli to the neurosensory system triggered by the markers attached to the subject’s skin
can lead to subtle changes in the movement patterns, especially in case of measuring elite
athletes. Their coordination skills and sensorimotor awareness are sensible for these sub-
tle influences due to external factors like markers or the new laboratory environment [65].
Furthermore, the previously mentioned laboratory method does not allow any approaches
concerning situations shortly before or after the movement the measurement is focused on.
Issues such as the influence of mental stress, fatigue, different ball trajectories and time
pressure on the motion patterns as well as the evaluation of successful and unsuccessful
strokes within the game cannot be investigated by marker-based laboratory measuring
methods. This refers in particular to the forehand and backhand strokes within a game.
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Besides the mentioned problems of soft tissue artifacts, marker-misplacement, influence on
motion patterns and measurement environment, the time needed to complete a marker
based motion analysis is another adverse factor. Becker [7] measured the time that is
needed for marker placement among clinicians and scientists. On average, 31 markers
were attached by the participants in 18 min. Additional time should be calculated to
practice the given movements with the markers on the subject’s body and to redo the
measurement in case of loosing markers. In the application to elite sports, this time is to
long to implement such a type of motion analysis within the daily training.
To conclude, even though markers can be tracked very accurately, the results, consider-
ing the mentioned error potentials, can be very different and hard to compare. From a
practical point of view, the considerable amount of time needed to prepare the subjects
combined with the measurement environment far from competition or training results in
the need of a measuring method for motion analysis being more tailored to analysis in
sports fields.

1.2 State of the art: video-based markerless tracking
The most promising approach in terms of video-based motion analysis in a sport practical
environment is the markerless tracking method based on silhouette [65]. This method,
first, solves the problems with markers, mentioned in the previous chapter, because no
markers are necessary. Second, it is not as time-consuming as a marker based system,
because no markers have to be attached. And third, the captured subjects are free and
undisturbed in their movements. However, in order for this markerless approach to be-
come a standard in movement analysis, it has to be accurate, valid, and reliable.

There are still some studies that recently evaluated the possibilities of markerless tracking
with focus in clinical and sports applications, where accuracy has to be much higher than
in the original field of the movie and computer game industry.
For example, Rosenhahn et al. [77] compared elbow joint angles in the sagittal plane be-
tween markerless tracking and a marker based tracking (Motion Analysis Corporation).
The authors obtained a high accuracy for markerless tracking concerning slow elbow
movements (overall errors of ≤ 2.5◦). Roughly the same results were reported by Over-
lander and Bruggermann [67] comparing markerless data of the hip, knee (only sagittal
plane) and ankle joint angles to marker-based data in walking. A correlation coefficient of
r ≥ .89 and a root-mean-square deviation (RMSD) ≤ 3.4◦ indicate an applicability of the
markerless system for analyzing joint angles of the lower limb in sagittal plane. Ceseracciu
et al. [14] found similar results for ankle, knee and hip angles in sagittal plane as well
as for hip movements in the frontal plane in gait analysis (SD RMSD ≤ 2.5◦). For hip
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movements in the transversal plane the worst results were gained with angle deviations
up to 9◦. Mündermann et al. [65] also compared knee angles between markerlass and
marker-based tracking in gait analysis. The average deviation of joint angle deviations
were < 2.5◦ for the frontal and the sagittal plane.
There is one unpublished scientific work that evaluated joint angle accuracy of the mark-
erless silhouette-based system Simi Shape 3D [7]. The author measured specific joint
movements as well as complex sports movements into account. It is the first approach
that expanded the question of joint angle accuracy to different movements, not only walk-
ing. Good results for the hip in all planes and for the knee, ankle and shoulder joint in
sagittal plane were reported for the specific joint movements. The model used within
this complete markerless tracking software has only one rotational degree of freedom for
the knee and elbow joint (flexion-extension). Concerning the complex sports movement,
twelve movements were considered: biking, various kinds of jumping and running, jump-
ing jack, kicks and box punches. The overall results are quite similar to the specific joint
movements except the worse accuracy for hip movements in the frontal and transversal
plane [7].
Concerning the accuracy of joint center locations, Corazza et al. [17] compared the ac-
curacy of markerless and marker-based tracking of gait movements regarding hip, knee,
ankle, shoulder, elbow and wrist joint centers. Results revealed deviations of 15mm

(±10mm) over all analyzed joints.

There are two investigations using a markerless system in the field of tennis by Sheets et
al. [82] and Abrams et al. [1]. Both authors used the markerless tracking method based
on visual hull (VH) [7, 17] and refer to the published accuracy of joint center locations
obtained in gait analysis, which are mentioned above. No evaluation of joint angle accu-
racy and segment center of mass location accuracy was done by the developer of the VH
method as well as no fast movements were considered regarding the evaluation process of
the markerless tracking method.

Regarding these results, the potential of this technology is obvious. But the markerless
tracking method is not yet fully evaluated. Becker [7] as well as [65] and Corazza [17] did
not consider the complete range of kinematic parameters (joint angles, joint rotations,
joint center location, center of mass location) in their accuracy comparison. Furthermore,
no high dynamic movements like tennis were included in all of these accuracy studies.

1.3 Purpose of the thesis
To conclude, the current state of research clarifies that marker-based motion capture
has some disadvantages that can be avoided by using markerless tracking. Nevertheless,
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there are no studies about evaluating the accuracy of markerless tracking for all relevant
kinematic parameters and for different types of movement (fast/slow, upper body /lower
body pronounced, large / small ranges of motion). However, for collecting kinematic data
in tennis, there are concerns regarding the accuracy of video-based markerless tracking
that have not satisfactorily established markerless tracking as the standard method of
quantitative motion analysis in applied sports science.

The aim of this thesis is, first, to expand the accuracy approach of markerless tracking in
general with data of tennis groundstrokes. Therefore, all relevant kinematic parameters
(joint angles, joint rotations, joint center, and segment center of mass) will be considered.
Based on this general evaluation, the second aim is to give an overview of all known
relevant kinematic parameters in tennis which can be measured with markerless tracking
in the future. The accuracy evaluation is based on comparing data of a silhouette-based
motion tracking software (Simi Shape 3D) with data produced by a traditional marker-
based tracking software (Simi Motion 3D).

To reach this aim, first, the following chapter gives an overview of the state of scientific
work of kinematics in tennis groundstrokes. Then, the basic principal of video-based
markerless tracking will be explained as well as the concrete implementation in the used
software. In the further course of the work the measuring method will be described. After
that, results will be presented and discussed.
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2 Kinematics in tennis: the state of scientific work

The statement that “biomechanics of tennis has been well researched” [23] is underlined
by a litany of scientific publications [72]. Based on the fact, that all strokes in tennis
have a fundamental mechanical structure [89], biomechanical research forms the basis for
a "general framework for the development of stroke production” [23] and emphasizes the
fact that “success by a tennis player is often determined by the mechanical efficiency of an
individual’s stroke” [70]. As mentioned in chapter 1, especially for such a high dynamic
sport like tennis, it is crucial to use objective analysis protocols to understand, and build-
ing on that, to develop skills pertinent to the game as well as to the player’s individual
capabilities.
Besides the improvement of skills, “science [. . . ] enables players to modify their training
regimens with minimal risk of injury” [23]. From this medical point of view, inappropri-
ate forces and velocities cause too much loading on passive structures within and around
joints (ligaments, cartilages and tendons). This stress on the associated tissues is the
most common reason for injuries in tennis athletes [79], especially for the lower back,
shoulder and elbow joints [40]. Based on the use of powerful stroke reduction without
an injury, the trade-off between maximal performance (similar to maximal power in most
cases) and minimal pathological loading is one of the biggest challenges of biomechanics
within sports science in tennis [49]. Therefore, a detailed and complete understanding of
relevant parameters and functional interrelation is needed to appreciate the mechanical
features of stroke production. On that basis, motion pattern optimization as well as injury
protection can be developed and implemented into the training process.
Regarding the general principles of biomechanics in tennis, all known strokes are divided
into power strokes and precision strokes [23]. For example, precision strokes may include
the return and volley at the net and is characterized by a reduced number of segments
that operate “as a unit” [23]. Whereas, the power strokes are characterized by the need
to coordinate a number of body segments in a way that a subsequent increase in the
velocity of body segments results in an as high as possible racquet speed at ball impact.
This cumulative power generated by the principle of momentum transfer (translational
and rotatory) between the segments from proximal to distal and, thus, a ‘summation of
speed’ leads to this high racquet head velocity, which “has been stated to be the principal
performance limiting factor” concerning power strokes, such as the serve and the ground-
strokes (forehand, one-/two-handed backhand) [72]. This coordinated movement via the
“synchronous use of selective muscle groups, segmental rotations, and coordinated lower
[and upper] extremities” [53] should be proceeded in a temporal optimal way, otherwise
the transfer of forces along this so-called kinetic chain from proximal to distal into the
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ball is impaired. In this context, the muscles of the legs and the trunk have to undertake
two tasks: development of force and build a stable proximal core for an optimal distal
mobility [53]. Within this proximal-to-distal sequencing, muscle pre-tension in an exact
stretch-shorten cycle increases the force output of the involved muscle. Elastic energy
is stored within the passive structures (tendons, associated tissues) during the eccentric
phase and partially recovered in the concentric phase. Thus, the stretched muscle begins
the concentric work with a higher active muscle state. Only a brief pause between the
eccentric and concentric muscle activity should be proceed. This optimal timing of the
stretch-shorten cycle can achieve 10− 20% of additional racquet speed. Whereas, a delay
of only one second can cause the loss of approximately 50% of the stored elastic energy
[23].
From the perspective of a technique analysis and based on the aforementioned biome-
chanical principles, the relevant parameters and their relationship were determined for
each stroke in tennis and key technique points were worked out from several authors. The
following chapters will give an overview concerning these topics with a view to the power
strokes like the serve (chapter 2.1) as well as the fore- and backhand stroke (chapter 2.2)
which are located at or behind the baseline of the tennis court.

Concerning the used terms of planes and directions within the following sections, all def-
initions of these directions are adapted to the court and its lines. The sagittal plane is
defined as perpendicular to the baseline and along the vertical axis. The medial-lateral
direction is along the baseline, and the anterior-posterior direction perpendicular to the
baseline within the transversal plane (court plane). A movement in forward-backward
direction is similar to a movement in the sagittal plane in anterior-posterior direction
(pointing towards or away of the opponent).

2.1 Serve
The serve motion in tennis is the best scientifically investigated and the most important
stroke [73]. With its very fast motion characteristics, an acceleration from standstill to
over 160km/h in only one second, the serve belongs to the group of power strokes, as men-
tioned in the previous chapter, and represents the fastest stroke in tennis [2]. Maximum
angular and linear velocities of the body segments occur during the execution of the serve
motion [25]. Referring to the underlying principle of the kinetic chain, it is mandatory
to understand the generation of maximum racquet speed by linking single segments and
their transfer of kinetic energy in a proximal-to-distal sequencing [29]. For a functional
separation of the partial movements, several authors divide the serve into a number of
phases defined by striking motion patterns or body / racquet positions. Ryu et al. [78]
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and Morris et al. [63] divided the serve into four consecutive phases: wind-up, cocking,
acceleration, and follow-through. However, Kovacs and Ellenbecker [53] developed an
eight-stage model (start, release, loading, cocking, acceleration, contact, deceleration, fin-
ish) summarized in three phases: preparation, acceleration, and follow-through. However,
the authors did not clearly separate between phases (time periods) and striking points
(points of time) within their eight stages. As a combination of these two approaches,
without changing their functional order or context, it results in a model with three phases
consisting of five stages defined by six striking kinematic properties (cf. figure 2.1.1).
The preparation phase starts with the beginning of the serve motion (ball and racquet
at rest). The following stage until ball release from the non-dominant hand is defined as
wind-up phase. The subsequent backswing is divided into the loading (early backswing)
and cocking (late backswing). The loading phase lasts from ball release to maximum knee
flexion and, respectively, to the point of time when the elbow joint reaches its lowest point
in vertical direction. As displayed in figure 2.1.1 (2)-(3) this phase is characterized by
back extension, a slightly trunk lateral flexion to the dominant body side and knee flexion.
The hip joint and shoulder joint connection axis are approximately perpendicular to the
baseline with a small tilt of the trunk with the dominant shoulder joint center slightly
posterior to the dominant hip joint center. This results in the storage of potential energy
in the passive structures of lower limbs and the trunk [78, 63, 53].
In the subsequent cocking stage (late backswing), the last stage of preparation, the leg
drive is performed, characterized by an impulsive knee extension. In this context, Reid
et al. [71] reported on three different types of leg drive: foot-up, foot-back, and mini-
mal.These different lower-limb coordination strategies within the serve motion are charac-
terized by the range of the rear and front knee flexion as well as the peak angular velocity
of rear knee extension. These two parameters are sufficient to ascertain the stance type
and the quality of the leg drive. The authors calculated that the foot-up as well as the
foot-back leg drive facilitate a higher peak racquet velocity compared to the minimal
leg drive. However, no differentiated characteristics in trunk and upper limb coordina-
tion were observed. “It would thus appear that racquet speed is generated independent
of stance, but significantly affected by differential leg drive” [71]. This knee extension
(shorten part of the stretch-shorten cycle of the lower limbs) is the first active, concentric
motion within the kinetic chain as a precursor to trunk rotation and, thus, the first con-
tribution to racquet velocity. In addition, the stored potential energy in the lower limb
is transferred into kinetic energy. Furthermore, back extension increases and external
shoulder joint rotation occurs. Both indexing movements fulfill the role of storing poten-
tial energy in the passive structures of the trunk and the shoulder. The loading stage
ends with an achieved maximum external should joint rotation and, respectively, with a
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racquet position in which the racquet tip pointing towards the ground.

1 2 3 4

5a) 5b) 6

Figure 2.1.1: The six striking motion patterns defining the five stages of the serve motion with
a foot-up leg drive.The preparation phase (1-4) with the wind-up phase (from the beginning
of the motion (1) up to the ball release (2)), the loading phase (from (2) to maximum knee
flexion (3)) and the cocking phase (from (3) to the position in which the racquet tip pointing
towards the ground (4)) followed by the acceleration phase (from (4) to ball impact (5)) and the
follow-through (from (5) to the end of racquet forward movement (6)).

At that point, the acceleration phase (forward swing) starts. In this phase, the momentum
transfer occurs from maximum lead knee extension velocity and several rotational trunk
motions along the segments of the upper limb to the racquet. Trunk flexion, trunk lateral
flexion to the non-dominant body side, terminating of the trunk tilt, and internal shoulder
joint rotation followed by a forearm pronation and extension and finished by a wrist flexion
occur within this phase. This rapid reversal of movements of the torso is called corkscrew
and is based on the mentioned principle of a fast stretch-shorten cycle of muscles to
produced higher forces, and thus, higher peak racquet velocities. At ball impact, the
athlete’s body position is characterized by lateral trunk flex to the non-dominant side
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(approx. 48◦ above horizontal), an arm abduction of approximately 101◦ and slightly
flexed elbow and wrist joint, based on Olympic tennis players [33]. The amount of trunk
lateral flexion determines the impact height [78, 63, 53]. The measured maximum racquet
velocities at impact vary between different authors due to different reference points on
the racquet. It should be distinguished between the center of the racquet face, the center
of the racquet volume and the racquet head that shows the highest overall velocity due
to the greatest distance (longest lever arm) to the center of rotation. Maximum racquet
velocities from 38m/s to 48m/s were measured with professional tennis players at the
center of the racquet face [15, 71]. After hitting the ball, the player has to decelerate
his trunk and stroke arm inclusive the racquet to prepare for a possible following stroke
within the rally.

joint movements
contribution (%)

M SD

shoulder linear velocity 9.7 1.8
shoulder internal rotation 54.2 14.1

shoulder horizontal flexion + abduction 12.9 5.9
elbow extension -14.2 6.4
wrist flexion 30.6 9.1

Table 2.1.1: Shoulder, elbow and wrist joint movement contributions to linear racquet head
velocity in the tennis serve [29].

To conclude, leg drive and the several trunk rotations lead to shoulder speed. Upper arm
elevation and elbow flexion increase this speed and transfer it to elbow speed. Further-
more, elbow joint extension and shoulder joint internal rotation increase the generated
power and produce, combined with wrist flexion, additional racquet speed [23]. In the
context of important kinematic parameters dealing with a powerful serve, Sprigings et al.
[83] developed an algorithm to calculate the contribution of the aforementioned kinematic
parameters to the overall racquet speed. The most important sub-movement due to high
racquet velocities is the shoulder joint internal rotation with a contribution of 54.2%,
followed by wrist flexion with 31.0%. Furthermore, the upper arm horizontal flexion and
abduction affect a 12.9% higher racquet speed and the shoulder joint linear velocity, pro-
duced by leg drive and trunk rotations raises the racquet velocity by approximately 10%

[29]. Gordon and Dapena [38] indicated that joint angle and joint angular velocity data of
the shoulder close to impact are questionable due to the problems of skin attached mark-
ers (cf. chapter 1.1). As a result of “large errors in the upper arm twist orientation, it was
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impossible to obtain accurate data for shoulder of elbow joint rotations about any axis”
[38] within the period close to impact in which the elbow flexion-extension angle exceeded
135◦. It remains unclear if this is a general problem, simply ignored or dropped by other
authors, or just a problem with their measurement set-up. With regard to chapter 1.1, it
seems to be a general problem in marker-based motion analysis, possibly ignored by the
lack of other alternatives.

Forearm pronation as well as wrist ulnar flexion are not responsible for power production,
but for serve characteristics by changing the orientation of the racquet face [82]. Concern-
ing this characteristic, three different serve types exist: flat, kick, and slice [2]. All three
serves show similar kinematics concerning power production [15] and result in the same
resultant racquet velocities at ball impact, but the distribution of the racquet velocity
among the three spatial axis varies significantly due to different racquet face angles [82].

Figure 2.1.2: Pre- and post-impact vertical (a) and lateral (b)racquet tracjectories of the three
different serve types [82].

An increased part of the linear racquet velocity vector out of horizontal in stroke direction
at ball impact results in an increased spin rate of the ball, consequently, an inverse rela-
tionship between spin and translational forward ball speed exists [53]. What this means
in specific is that the flat serve is played with the highest linear velocity in forward direc-
tion, and thus, with significant lower lateral and vertical velocity components compared
to other serve types. This results in a low and straight ball trajectory with a minimal
spin rate. In contrast to the flat serve, the kick serve is played with the “smallest max-
imum forward component” [82] of the racquet velocity vector, but with greatest lateral
and vertical components. This so-called topspin serve is produced by “swinging upwards
[the racquet] at the ball to generate topspin” [19]. This results in a high ball trajectory
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after hitting the ground, forcing the opponent far behind the baseline. Figure 2.1.2 a)
contains this pronounced upward movement of the racquet at ball impact.
The slice, which is a mix of kick and flat serves, is played at the same position as the flat
serve and with the same translational forward speed. Concerning the lateral and vertical
velocity components, the values of the slice serve are between them of the kick and flat
serve. As provided in figure 2.1.2 b), the racquet trajectory shows a small lateral progress
for the slice, a large one for the kick and no lateral progress for the flat serve [82]. This
lateral component of the racquet velocity vectors produces a ball spin around a vertical
axis and results in a change of direction of the ball after ground contact to force the
opponent outside the court.

To conclude, kinematics of the shank, thigh, lower and upper trunk, upper arm, forearm
and hand including their linking joints are relevant for a biomechanical approach of serve
motions in tennis. Furthermore, information about the racquet translational movement,
the racquet face angle as well as the ball trajectory is necessary to ascertain complete
kinematic data dealing with player development or injury prevention.

2.2 Groundstrokes
Beside the serve, the forehand (FH) as well as the one-handed and two-handed backhand
(BH1 / BH2) pertain to the class of power strokes within the groundstrokes, played as a
flat or topspin stroke. These strokes are chronological ordered in the same three phases
as the serve due to the kinetic chain principle: preparation phase, acceleration phase, and
follow-through.
Compared to the serve, the preparation phase of the groundstrokes (backswing) is not
split into multiple stages. It begins with the backward movement of the racquet and
ends at the end of backswing. This reversal point of racquet backward-forward movement
defines the shift from backswing to the acceleration phase. The second phase lasts from
the end of backswing to impact. The end of the subsequent follow-through phase is given
at the end of racquet forward movement links [72, 35].
In this context, the definition of the start and end points of the three phases based on the
racquet movement in the sagittal plane is questionable. Due to a delayed movement of the
upper limb and racquet, compared to the lower limb and trunk within the kinetic chain,
the groundstrokes start with backward axial trunk rotation followed by the dominant
upper limb and the racquet. Similarly, the subsequent forward movement is introduced
as well by a trunk rotation followed by the more distal chain [48]. Furthermore, the
follow-through phase, describing the deceleration of the body and racquet, is not finished
at the end of forward movement (in anterior direction). For example, figure 2.2.5 (7)
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and figure 2.2.6 (7) shows that the player reach standstill much later. Compared to the
serve as an opening shot in each rally, the groundstrokes require much more variable
coordination patterns. “Competitors must ensure their [. . . ] stroke accommodates to
diverse conditions including variations in the speed, spin and bounce of the incoming
ball, as well as different target areas” [72]. Regarding these variable stroke requirements,
Lyons et al. [59] published that stroke accuracy is independent of stroke type but highly
influenced by skill level. Whereas, Mavvidis et al. showed significant higher accuracy
within the forehand strokes compared to backhand strokes. Bailey et al. [6] underlined
these results based on the fact that most serves in elite tennis are played to the opponent’s
backhand, the ‘weaker’ side of a tennis player. In addition, Cam et al. [43] monitored semi
and quarter final matches of elite tennis players. They observed that 37.8% of points won
were played with a forehand stroke as last stroke within the rally and 48.4% of the lost
scores were played as backhand. In this context, no investigation exists if the ‘successful’
forehand stroke is based on stroke accuracy or / and the higher ball velocities produced
[32].

Figure 2.2.1: The different gripping styles for the dominant hand in forehand and backhand
strokes. The position of base knuckle of the index finger at the racquet handle, divided into eight
bevels, defines grip [10].

Beside the division of the different groundstrokes into functional phases and the stroke
effectiveness within a game, the different gripping styles as well as different stance types
are important for a complete kinematic description in tennis. Four different grips (western,
semi-western, continental and eastern grip - cf. figure 2.2.1) with regard to the dominant
hand are used in tennis depending on the stroke side (forehand / backhand) and the
desired amount of ball spin, as described in the following two subsections.

Concerning the stance type, figure 2.2.2 gives an overview of the different stances involved
in tennis groundstrokes. In a closed lower limb position the hip connection line is almost
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rotated 180◦ away from the net, whereas, an open stance is played in a body position facing
the net (parallel to the net/baseline). The squared or neutral stance is characterized by a
side-on hitting position to the baseline / net. A semi-open feet placement describes every
position between the neutral and the open stance [72].

Figure 2.2.2: The different stance types used for grounstrokes [10].

On the kinematics of groundstrokes and, thus, the striking rotatory and translational
segmental motions producing high racquet velocities within the kinetic chain, the following
chapters describe in detail the relevant kinematic parameters along the three defined
phases of stroke production, first for the forehand stroke and then for the one- and two-
handed backhand stroke.

2.2.1 Forehand

As mentioned in the previous part of this thesis, the forehand stroke is the most used and
most successful power stroke within a rally [59].

In modern elite tennis, grip style, as well as stance, has changed over the past 10 years
[5]. Concerning the grip style, the semi-western or western grip is the preferred grip in
forehand strokes instead of the traditional eastern grip (cf. figure 2.2.1). In general, the
purpose of the gripping style is “to provide a correct racket orientation at impact” [51].
With a (semi-)western grip, the professionals can more easily play a topspin forehand
shot because it allows a more closed racquet face angle [51] and the production of higher
forward velocities than playing with an eastern grip [28].
Regarding the leg position during the acceleration to impact phase, three of the four men-
tioned stance types (figure 2.2.2) are relevant for forehand strokes: open stance, semi-open
stance, and square/neutral stance (cf. figure 2.2.3).
Rotating the dominant hip more backwards in the traditional neutral lower limb position
increases the time needed to execute the stroke but a greater amount of angular mo-
mentum, due to hip rotation in the acceleration phase, and a greater amount of linear
momentum, due to a step forward of the dominant leg towards the ball, can be transferred

Page 15



Chapter 2 Kinematics in tennis: the state of scientific work

to the trunk and increases the racquet speed [5]. Nevertheless, today’s elite tennis play-
ers prefer the open stance due to greater court coverage and time reduction in forehand
strokes. “When the players used an open stance it resulted in a 60% reduction in the
time in which the ball could be successfully hit” [5]. These advantages predominate the
missing speed out of leg drive in an open stance forehand [5].

11 32

Figure 2.2.3: The three different stance types in forehand strokes: (1) square/neutral stance,
(2) semi-open stance, (3) open stance [66].

With a view to the temporal and functional sequence, the forehand starts the prepara-
tion phase with axial trunk rotation (dominant shoulder backwards) and an optional step
backwards of the dominant leg (depending on the stance type) combined with a back-
ward movement of the dominant racquet arm [27]. Its trajectory within this backswing
during the preparation phase can be performed in a straight or looped manner. A looped
backswing enables a greater distance over which racquet speed can be developed due to a
longer pathway for acceleration [70]. Within this phase, up to the end of backswing, the
shoulder axis (connection line of the left and right shoulder joint center) rotates more in
the transversal plane than the hip axis (connection line of the two hip joint centers).
At the end of backswing, the player reaches a shoulder alignment of approximately 110◦

and a hip alignment of approximately 90◦ compared to the baseline [85]. The so-called sep-
aration angle, the angle between the shoulder and hip axis, refers to muscle pre-tension of
the trunk muscles within in this preparatory trunk rotation. To maximize the pre-impact
acceleration distance of the racquet due to maximum racquet speed, the racquet is ro-
tated approximately 225◦ from pointing at the opponent at the end of backswing [56].
Shoulder and hip alignment, separation angle as well as racquet rotation at the end of
backswing are heavily dependent on the type of stance used. Regarding the racquet face
angle as well as the elbow joint angle, Landlinger et al. [56] figured out high standard
deviations for these two parameters during the backswing which indicates no consistency
concerning the stroke variability. Within the following acceleration phase, trunk rotation
(tilt), which contributes approximately 25% to racquet speed, regardless of the stance,
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leads to translational shoulder joint forward movement supported by an upper arm for-
ward movement (horizontal shoulder joint flexion) and an upper arm internal rotation -
the largest contributor to racquet speed (approx. 35%) within a forehand stroke [28, 85].

4 5 6

1 2 3

Figure 2.2.4: The four striking motion patterns defining the three stages of the forehand stroke
with a squared stance.The preparation phase starts with the backward movement of the racquet
(1) and is finished with the end of back swing (3) followed by the acceleration phase to impact
(5) and the follow-through up to the end of forward movement of the racquet (6). Images (1) to
(5) show a looped trajectory to increase racquet speed at impact.

Concerning the different forehand stroke types, the radial flexion of the wrist, the elbow
flexion as well as the shoulder abduction play an “important role [. . . ] in changing the
racket’s trajectory” [76] as well as the racquet face angle at impact. Larger radial flexion
and a larger elbow flexion (up to 100◦ at impact) increases the pre-impact vertical racquet
component and, thus, imparts more forward spin to the ball resulting in a forehand
topspin stroke [26]. Crespo and Reid [18] determined that “players swing with steeper,
low-to-high, racket trajectories to increase the topspin”. This means that the racquet
trajectory within a flat stroke is approximately 20◦ above the horizontal in the vertical
plane, whereas, a topspin stroke is played with approximately 40◦ [85]. This more upward
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swing trajectory results in a larger vertical racquet velocity compared to the horizontal
velocity in sagittal plane. The overall racquet speed is similar between the topspin and
the flat forehand stroke in elite players [26]. Elbow flexion and forearm pronation play
a minor role concerning the racquet speed [27]. At ball impact, the shoulder axis is
rotated more forward compared to the hip axis (cf. figure 2.2.4 (5)). The amount of
this separation angle depends on the shot direction. A forehand stroke played cross-court
leads to a larger shoulder alignment beyond the baseline compared to a shot down-the-line
[56]. Figure 2.2.4 provides the different phases with the mentioned striking body positions
during a forehand stroke.

To conclude, the axial rotation of the trunk (pelvis plus upper trunk), the shoulder joint
flexion and internal rotation are the “primary contributors to the development of racquet
speed in the forehand” [72] in case of the optimal timing regarding the several stretch-
shorten cycles and a working transfer of linear and angular momentum from proximal to
distal.

2.2.2 One- and two-handed backhand

Compared to the forehand stroke, the backhand stroke, played on the non-dominant body
side, can be hit with either one or both hands.
Concerning the kinetic chain, the most common approach is based on five segments (lower
trunk, upper trunk, upper arm, forearm and hand) involved in the stroke production
[70] with angular velocity components of these segments as well as the linear velocity
of the shoulder joint center [61]. In contrast to the forehand and one-handed backhand
stroke, five separated, consecutive rotations, the two-handed backhand is comparable to
a two-part movement coordination. The pelvis rotation is followed by the rotation of
trunk-limb-racquet as a unit. The temporal sequencing of the backhand strokes is equal
to the previous presented forehand stroke. The BH1 (cf. figure 2.2.5) as well as the
BH2 (cf. figure 2.2.6 is divided into the same three phases (preparation, acceleration,
follow-through) as the forehand defined by the same striking body and racquet positions,
respectively [35].
During the preparation phase, the player steps back with the non-dominant leg in a closed
stance lower limb position combined with a pelvis backward rotation followed by a back-
ward trunk tilt. Within this backswing, the non-dominant hand is in contact with the
racquet, placed at the racquet throat for the BH1 (cf. figure 2.2.5 (1)-(3)). During the
BH2 backswing (cf. figure 2.2.6), the non-dominant hand is placed at the racquet han-
dle in the final hitting grip. This position limits trunk tilt and dominant shoulder joint
movement, thus, the shoulder and hip alignment angles related to the net at the end of
backswing are reduced in BH2 compared to the BH1 [70]. As valid for the forehand stroke,
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Fanchiang et al. [30] calculated that there is a significant positive correlation between the
ball velocity after impact and the shoulder and hip alignment rotation angles. Further-
more, a positive separation angle (shoulder rotation alignment > hip rotation alignment)
in both strokes represents a pre-tension in the trunk rotators at the end of backswing
[35]. Within this position, the dominant shoulder joint is internal rotated and abducted
(approx. 50◦) and the elbow is slightly flexed (approx. 120◦) for the BH1, as displayed in
figure 2.2.5 (3), and almost extended for the BH2 (cf. figure 2.2.6 (3)) [70].

1 2 3 4

5 6 7

Figure 2.2.5: The four striking motion patterns defining the three stages of the one-handed
backhand stroke with a closed stance. The preparation phase starts with the backward movement
of the racquet (1) and is finished with the end of back swing (3) followed by the acceleration
phase to impact (5) and the follow-through up to the end of forward movement of the racquet
(6). Images (1) to (5) show a looped trajectory to increase racquet speed at impact. Within the
backswing from (1) to (3), the non-dominant hand leads the backswing at the racquet throat.

The acceleration phase starts for both backhand strokes with a forward rotation of the
pelvis. During the forward swing phase of the BH2, the shoulder and hip alignment rota-
tion angles are more pronounced within the BH2 compared to the BH1 due to the limited
shoulder joint rotations of the dominant side. To develop maximum horizontal racquet
velocity at impact, two different power producing strategies exist [48]. Within the BH1,
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a larger swing radius results in a high racquet velocity because the racquet center can be
further away from the center of rotation. In general, the trajectory velocity increases with
growing radius for a constant rotational movement. An additional pronounced external
rotation of the upper arm and elbow extension of approx. 35◦ occurs to accelerate the rac-
quet [88]. This elbow joint movement contributes approximately 25% to the pre-impact
racquet velocity [24].

1 2 3 4

5 6 7

Figure 2.2.6: The four striking motion patterns defining the three stages of the two-handed
backhand stroke with a closed stance.The preparation phase starts with the backward movement
of the racquet (1) and is finished with the end of back swing (3) followed by the acceleration
phase to impact (5) and the follow-through up to the end of forward movement of the racquet
(6). Images (1) to (5) show a looped trajectory to increase racquet speed at impact.

Whereas, a reduced moment of inertia (swing weight) of the upper limb system, due to
an arm-swing closer to the trunk, enables an increased strength level and, thus, higher
angular velocities of the trunk-limb-racquet system during BH2 [69]. In addition, the
non-dominant upper limbs are an important contributor to horizontal racquet velocity
and are stabilized by the dominant side. The linear velocities of the non-dominant hip
joint as well as of the upper limb joints are larger compared to the dominant side [84].
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The elbow joint remains relatively straight during the acceleration to impact [70]). Fur-
thermore, wrist extension during forward swing is larger for the BH1 compared to the
BH2 [3].

Horizontal racquet velocity and shot accuracy, based on partly different mechanical prin-
ciples due to the different segmental motion possibilities, are comparable between the BH1
and BH2 [3, 64]. With a view to the pre-impact racquet trajectory, both backhand strokes
show a looped swing, like the forehand stroke, and a steeper low-to-high pre-impact path-
way when hitting a topspin compared to a flat stroke [70].

After hitting the ball, the athlete tries to decelerate the whole body and, thus, the racquet
to be prepared for the next motion as fast as possible. Within this follow-through phase,
a controlled slow-down of the arm should be performed to avoid peak loading [27]. Con-
cerning backhand strokes, little research results are published, especially from a medical
point of view, dealing with this topic [35].
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3 Markerless tracking

As mentioned in chapter 1.2, several approaches exist to get markerless kinematic data
out of calibrated video recordings. The most established one is based on the principle
of visual hull (VH) for silhouette-based image understanding dealing with the problem
of identifying and reconstructing 3D-objects, especially with non-convex surfaces, out of
2D images in the field of computer vision [57]. The VH is defined as "the locally convex
(over) approximation of the volume occupied by an object" [16]. Figure 3.0.1 contains the
back projection of the 2D silhouette from each of the camera planes back to a 3D object
in space. Due to the use of a calibrated camera system, the intersection of the several 2D
silhouettes can be located in the 3D space and, thus, generate the 3D VH of the recorded
subject as point cloud or connected grid [16].

Figure 3.0.1: The VH reconstruction principle based on volume intersection. The 2D silhouettes
of each camera plane are backprojected in space and VH is generataed by their intersection [16].

In addition, a mathematical full body model of the subject with its anthropometric prop-
erties is created based on an automatic model generation algorithm. This model consists
of rigid bodies with articulated connections and can be produced either with a 3D laser
scan or with VH. The translational and rotational degrees of freedom are adopted to
the human joints. To get kinematic data of the subject, the body model is optimal and
iteratively fit into th VH for each frame and kinematics are taken from the model. This
optimization is based on the articulated Iterative Closes Point (ICP) algorithm, which
minimizes the squared sum of the distances between the point sets of the VH and the
body model [17].

The software Simi Shape (Simi Reality Motion Systems GmbH) allows the complete pro-
cess of markerless, silhouette-based tracking. A full body model is implemented, as well
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as its adaption to the subject’s anthropometry, the tracking process and the calculation of
complete 3D inverse kinematic data. The concrete realization of motion analysis within
this software is shown in the following chapter.

3.1 Silhouette-based markerless tracking with Simi Shape
Simi Shape enables motion capture without using markers. The tracking process works on
the basis of silhouettes that are fit into a human model. The camera setup and calibration
procedure is the same for Simi Shape 3D as for the marker-based tracking in Simi Motion
(Simi Reality Motion Systems GmbH). Ringlights are not needed as no reflective markers
have to be lit. It is important to have a good contrast between the subject and the
background for silhouette-based tracking. The wearing of a colored morphsuit offers a
better contrast. However, this is not necessary as long as other clothes provide a good
contrast to the background and are close fitting to the body [37]. The execution of
markerless tracking can be divided into three steps: segmentation, model initialization
and tracking (cf. figure 3.1.1).

(a) original image (b) interface of Simi Shape (c) calculated 3D model

Figure 3.1.1: Workflow in Simi Shape. The left big image in b) contains the model adapted to
the athlete, the eight small images provide the segmented view for each camera.

The purpose of segmentation is to separate the subject from the background in all camera
images. The first step is to get a segmented image from the so-called background sub-
traction. Therefore, a recording of the empty room without the subject is needed. The
surrounding conditions (e.g. equipment and lighting) are the same for Simi Shape 3D
as for the motion video. Thus, no moving elements (e.g. people) should be in the cam-
era’s field during this recording. By subtracting the background and the motion images
from each other, only the silhouette of the subject remains in the field for each camera.
Therefore, the software compares the color and intensity of each pixel for each camera. If
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the color difference compared to a predefined upper threshold in at least one color is too
high, the pixel is assigned to the subject. There is also a lower threshold. If difference
in all color channels is less than this lower threshold value, the pixel is assigned to the
background. Segmentation can be improved by applying information about pixel color
belonging to the background or foreground from one camera to the others. This is also
known as space carving and is especially useful if the background conditions cannot be
kept stable in some cameras because of changing light conditions. Out of 2D silhouettes
from at least two cameras, a 3D silhouette of the subject can be computed. In the next
step, model initialization, a mathematical 3D model is fit into the silhouette. The Shape
model consists of 16 segments (pelvis, torso, neck, head, upper arm, forearm, hand, thigh,
shank, foot) which are linked by joints. The model is based on the work of Tilley [86]
and further developed by Simi Reality Motion System GmbH by conducting internal tests
with different participants. The following joints are part of the model: root joint (3 trans-
lational and 3 rotational degrees of freedom), 5th lumbar vertebra, 7th cervical vertebra,
shoulder joint, wrist joint, hip joint, ankle joint (all of them with 3 rotational degrees of
freedom), skull base, elbow joint and knee joint (all of them with 1 rotational degree of
freedom) [37]. Joint centers are defined within the model and joint coordinate axes are
computed in a static position: The subject is standing upright with the arms close to
the body, tiptoes and thumbs are pointing forwards. For joint angle data calculation, the
coordinate axes are converted so that they are consistent with joint coordinate axes of
marker-based data in Simi Motion.

Figure 3.1.2: The Psi-Pose is used to adapt the model to the subject by adjusting the model’s
segments (length and volume).

The model can be adjusted automatically to the subject that is performing the movements.
During this process, the lengths and widths of the model segments are aligned to the actual
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segment lengths and widths of the subject (scaling and deformation). Furthermore, the
pose of the model is fit to the subject’s pose. Automatic pose optimization as well as
manual scaling (length of segment) and deformation (partial volume of each segment)
can be executed well if an initialization frame is chosen in that the subject is seen in all
cameras and with all joints in a slightly bent position. The suitable pose is also known
as the Psi-pose (figure 3.1.2). If needed, the segment dimensions and the joint positions
can also be adjusted manually [37].
When the model is fit, the tracking can be started. For tracking, ICP algorithm is used
to adjust the pose of the model to the actual pose of the 3D silhouette for each frame
by looking for correspondences between the silhouette and the model. The number of
iterations per frame can be set by the investigator. The more iteration are chosen the
more likely the model fits better within the silhouette and but the more time for calculation
is needed. During the tracking, all motion data are read from the pose of the model and
saved.

3.2 Hybrid tracking with Simi Shape
Hybrid tracking is a combination of marker- and silhouette-based tracking that can be
executed in Simi Shape. The tracking procedure is the same as for markerless tracking
that was explained in the previous chapter. The only difference is that additional markers
are implemented and taken into the computation to support the silhouette-tracking.

Figure 3.2.1: Shape model withe the corresponding virtual marker for hybrid tacking.

All markers displayed in figure 5.1.2 can be chosen separately. Therefore, the markers that
are supposed to be used have to be tracked previously in Simi Motion and should exist as
3D coordinate data. In Simi Shape the setting option ’3D-marker-correspondence’ has to
be activiated. This has the effect, that tracking information is based on the ICP algorithm
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as well as 3D marker data. The weight of each tracking method can be set manually and,
thus, the influence of each method to the final result. After the activation of the requested
marker in Simi Shape, the real marker positions (yellow dots in figure 3.2.1) as well as
the markers belonging to the model (dots in same color as the model in figure 3.2.1) are
visible. After model initilization, real and virtual markers can be superimposed. So the
model-based markers take on the positions of the real measured markers. Tracking can
then be started from the pure silhouette-based tracking. Similar to markerless tracking,
3D joint and segment data can be read from the model for each frame.
Further investigations point out the advantage of hybrid tracking, compared to markerless
tracking, by stabilizing the joint rotations and hence the joint angles. In the unpublished
Master-Thesis of Becker [7], the investigations for complex movements showed an im-
provement of markerless tracked joint angles by only using two markers. The correlation
coefficient (type: Spearman) of elbow flexion angle, for example, increased from 0.42 to
0.92 as well as shoulder internal/external rotation from 0.49 to 0.95 by using the marker
number 21 and 18 (figure 5.1.2). Generally, one marker per segment is necessary for
improved joint rotation data.
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4 Joint rotations - a mathematical point of view

Based on the general principles of movement analysis - the model consists of rigid body
segments with articulated connections - the following describes the mathematical point of
view of joint rotations which where used to constitute rotational movements of the body
segments. To describe orientations of a rigid body (achieved by composing elemental
rotations) severals methods have been developed:

1. Orientation matrix

2. Orientation vector

3. Orientation quaternion

4. Euler angles and Tait-Bryan angles (Cardan angles)

Below, all methods up to Orientation quaternions are pictured with regard to human
movements.

4.1 Orientation matrix
Joint rotations are divided into global joint rotations (movements relative to a fixed
coordinate system) and local joint rotations (movements that are relative to a moving
coordinate system).

G

T1

T1-2

S1

S2

T2

Figure 4.1.1: Global segment rotations as linear transformations relative to the global coordi-
nate system (green). Local rotation of the segment S2 relative to a more proximal segment S1

(blue) concerning the kinematic chain.

Page 27



Chapter 4 Joint rotations - a mathematical point of view

With regard to figure 4.1.1, global rotations are given as rotations of S1 and S2 relative
to G, respectively. The rotation of S2 relative to S1 is defined as local rotation.
In general, a three dimensional rotation in an Euclidean space describes a motion around a
fixed point which preserves its position, for example, two rigid bodies connected by a hinge
joint. All coordinate systems are defined as right-handed, orthonormal (perpendicular axis
with length one) coordinate systems.
Concerning figure 4.1.1, one must be imagine the three origins of G, S1 and S2 lie within
the same point. The distance (translational movement) is not taken into account for the
approach of rotations. Heard (2006) defined rotations as a "linear transformation R that
fixes the origin [equation 2], preserves the lengths of vectors [equation 3], and preserves
the orientation of bases [equation 4]" [41]. That is in a mathematical notation,

R : R3 → R3 : ~x 7→ R~x (1)

with
R(0) = 0 (2)

R(x) ·R(x) = x · x (3)

R(e1) · (R(e2)×R(e3)) = e1 · (e2 × e3) (4)

where the coordinates of an arbitrary point are given as an clolumn vector ~x and R as
the rotation of ~x. R conforms to a change of orthogonal base.
For better illustration, it is given an arbitrary point ~xG with its three-dimenaional vector
coordinates x, y, z concerning the global coordinate system G (cf. figure 4.1.1). To obtain
the coordinates of the same point concerning the coordinate system S1, ~xG has to be
multiplied by the transformation matrix T1 (cf. equation 1) which includes the position
of the base vectors of S1 referring to G as column vectors. As a result one receives a new
vector ~xS1 = T1 · ~xG. ~xS1 and ~xG to cover the same point in space in terms of two different
coordinate systems.
Rotations, as special linear transformations, are summarized in the special orthogonal
group SO(3). All of these rotations can be pictured as 3x3-matrices with real entries.
Extrapolated to human movements, the rotational movement of each body segment as
well as the relative rotations of two adjacent segments can be described in this manner.
Concerning figure 4.1.1, T1, T2 and T1−2 are elements of SO(3). Due to the fact that
composite rotations effect resulting rotation about certain axis through the origin [50],
the local rotation is given as:

Page 28



Chapter 4 Joint rotations - a mathematical point of view

T1−2 = T2 · T−11 ∈ SO(3) (5)

4.2 Orientation vector
Based on the theory of eigenvalues and eigenvectors and the special properties of all
R ∈ SO(3) (more information about this topic in [50]), rotations can be represented as
orientation vectors (eigenvector to the eigenvalue 1 of R) in an axis-angle representation:

~θ =

xy
z

 (6)

The vector coordinates x, y and z of ~θ are dimensionless and, therefore, not given in a
common measurement unit. For a better understanding and estimation and due to its
name ’axis-angle representation’, an orientation vector ~θ is usually split in two parts.
First, the normalized unit vector ~eθ

~eθ =
1

‖~θ‖

xy
z

 with ‖~eθ‖ = 1 (7)

which gives the direction of the resulting rotation axis in the format of global rotations.
And secondly,

α = ‖~θ‖ =
√
x2 + y2 + z2 (8)

the 2-norm of ~θ (in R3, it is the length of ~θ), which is the rotation angle in radians around
the unit vector ~eθ in a mathematically positive direction [45].
Thus, ~θ and ~−θ include the same rotation axis with the same rotation angle, shown by
euqation (9). Because of the opposite direction of the two vector tips and mathematical
positive sense (counter-clockwise), ~θ and ~−θ represent rotations around the same rotation
axis with the same value of the rotation angle, but rotated in opposite directions, as
provided in the following equation:

β = ‖ ~−θ‖ = ‖~θ‖ = α (9)
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Concerning human movements, it does not matter in which direction the vector of the
rotation axis points. It can be interpreted as rotation around it’s axis going through the
origin. Thus, there are always two possible representations in the axis-angle represen-
tation of a segment rotation. To ensure that differences in rotations between different
tracking methods does not occur by comparing rotation vectors with opposite directions,
all rotation vectors can be turned in the same direction in each frame. Therefore, the
angle γ

γ = cos−1

(
~θ1 × ~θ2

‖~θ1‖ · ‖~θ2‖

)
= cos−1( ~eθ,1 × ~eθ,2) with γ ∈ [0; π] (10)

in radians between two comparative unit vectors ~eθ,1 and ~eθ,2 is calculated. If γ < 0,
the angle between the two unit vectors is greater than 90◦. In this case, the direction
of the rotation axis ~θ2 should be rotated by 180◦ (= 2π) by multiplying ~θ2 with -1 and
the rotation angle is calculated by changing the sense of rotation (2π− α). Furthermore,
the angle between the reference rotation vector ~eθ,1 and the (corrected) rotation vector
(−) ~eθ,2 can be used as an additional factor in a known unit to compare the offset of two
different values of segmental rotation. Therefore, it can be converted from radians into
degrees for a better understanding.

4.3 Euler angles and Tait-Bryan angles
"The Euler angle parameterization of a rotation is the composite of three intermediate
rotations" [41] given as angle information. All current methods can also been expressed
as three intermediate elemental rotations φ, θ and ψ (angles in radians) about certain
axes of the coordinate systems.
Based on the standard base eG = {~e1, ~e2, ~e3} of the global coordinate system with respect
to figure 4.1.1, the first rotation is carried out through the angle phi about the axis ~e3. As
a result, the original base eG is carried to an orientation denoted e′G = {~e1′, ~e2′, ~e3′}. The
second rotation θ rotates e′G about ~e1′ in a new orientation denoted e′′G = {~e1′′, ~e2′′, ~e3′′}.
The final orientation denoted e′′′G = {~e1′′′, ~e2′′′, ~e3′′′} = eS1 is the result of rotating e′′G
through ψ about ~e3′′ [91]. Thus, the global rotations T1 and T2 are represented as succes-
sive rotations. These consectuive rotations also have a matrix representation:

e′G =

cos(φ) − sin(φ) 0

sin(φ) cos(φ) 0

0 0 1

 · ~e3 = Re3(φ) · ~e3 (11)
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e′′G =

1 0 0

0 cos(θ) − sin(θ)

0 sin(θ) cos(θ)

 · ~e1′ = Re1(θ) · ~e1
′ (12)

e′′′G =

cos(ψ) − sin(ψ) 0

sin(ψ) cos(ψ) 0

0 0 1

 · ~e3′′ = Re3(ψ) · ~e3′′ (13)

[41]. Because of the special properties of trigonometric functions, the range of the given
angles must be limited and, thus, the general convention is:

φ ∈ [0; 2π), θ ∈ [0; pi] ψ ∈ [0; 2π) (14)

[62]. A more common use concerning human movements is the possibility to describe
local joint rotations using Euler angles. With regard to figure 4.1.1, the sole difference is
that the intermediate rotations resulting in T1−2 are described relative to a moving base
S1 fixed to the proximal segment.
"A characteristic property of Euler angles is that each rotation is carried out about a base
vector of the body-fixed base in a position which is the reult of all previous rotations"
[91]. This definition is equivalent to intrinsic rotations which are the result of rotation
about the rotated base vectors. By contrast, extrinsic rotations stem from intermediate
rotations about a fixed set of base vectors [62]. Thus, the resulting rotation given by
equation (11)-(13) can also be represented by another set of three angles φ̃, θ̃ and ψ̃

describing three successive rotations about the fixed base axes of G:

e′G = Re3(φ̃) · ~e3 (15)

e′′G = Re1(θ̃) · ~e1 (16)

e′′′G = Re3(ψ̃) · ~e3 (17)

In contrast to matrices R ∈ SO(3) which are unambiguous, Morawiec [62] demonstrated
that Euler angles are not unambiguous if θ = 0 or θ = π. In the first case, φ and ψ can
not be distinguished. This means that only their sum "is uniquely related to the rotation"
[62]. Consequently it is valid that R = R(φ − α, 0, ψ + α) = R(φ + α, 0, ψ − α) with an
arbitrary α ∈ {n · 2π, n ∈ Z}. In the case of θ = π the so-called gimbal lock occours,
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which is known from engineering literature. It is valid that each R = R(φ + α, π, ψ + α)

with an arbitrary α ∈ {n · 2π, n ∈ Z} represents an ambivalence rotation [62].

As previously described, the proper Euler angles are given as successive rotations about
two of the possible three base axes by rotating twice around the same axis (first and third
rotation - cf. equation (11)-(13)). The Tait-Bryan angles (also known as Cardan angles)
are another convention to represent a rotation of an orthonormal coordinate systems as
a series connection of intermediate rotations about base axes. In contrast to the Euler
angles, the Tait-Bryan angles take all three base axes into account. Regarding a set of
three angles φ,θ and ψ, Re1 and Re3 are equivalent to equation (12) and (11), respectively.
The matrix representation of the successive rotation about ~e2 is given as:

e′G =

cos(φ) 0 − sin(φ)

0 1 0

sin(φ) 0 cos(φ)

 · ~e2 = Re2(φ) · ~e2 (18)

Previously mentioned properties of Euler angles also apply to Tait-Bryan angles including
a critical case if θ ∈ {π/2+nπ, n ∈ Z}. For these particular angle values of θ, the rotation
axes of φ and ψ coincide [91].

Euler angle sequences Tait-Bryan angle sequences

~e3-~e1′-~e3′′ / ~e3-~e1-~e3 ~e3-~e2′-~e1′′ / ~e3-~e2-~e1

~e3-~e2′-~e3′′ / ~e3-~e2-~e3 ~e3-~e1′-~e2′′ / ~e3-~e1-~e2

~e2-~e1′-~e2′′ / ~e2-~e1-~e2 ~e2-~e1′-~e3′′ / ~e2-~e1-~e3

~e2-~e3′-~e2′′ / ~e2-~e3-~e2 ~e2-~e3′-~e1′′ / ~e2-~e3-~e1

~e1-~e2′-~e1′′ / ~e1-~e2-~e1 ~e1-~e2′-~e3′′ / ~e1-~e2-~e3

~e1-~e3′-~e1′′ / ~e1-~e3-~e1 ~e1-~e3′-~e2′′ / ~e1-~e3-~e2

Table 4.3.1: Possible rotation sequences for Euler as well as for Tait-Bryan angles given as
intrinsic/extrinsic rotations [41].

In general, there are six possible rotation sequences for Euler angles and six for Tait-Bryan
angles (all possible as intrinsic oder extrinisic rotations). Table 4.3.1 gives an overview
of all possible combinations. The best-known intrinsic Tait-Bryan sequence is ~e3-~e2′-~e1′′,
which corresponds to yaw, pitch and roll known from aeronautics and astronautics [41].

This approach of Euer angles and Tait-Bryan angles results in an important fact which
should be kept in mind: Matrix multiplication is not commutative (AB 6= BA) for matrics

Page 32



Chapter 4 Joint rotations - a mathematical point of view

out of SO(3) and the series connection of the intermediate rotations in matrix represen-
tation is equal to matrix multiplication, a different sequence of rotation axes leads to
different rotation angles [50]. Extrapolated to describing human movements, joint angles,
as a result of representing local joint rotations as intermediate rotations about base axees
of a predefined set of orthonormal coordinate systems for each body segment, can also be
given in all twelve mentioned sequences (cf. table 4.3.1). Because each sequence results
in a certain set of three rotation angles which were then assigned to the known joint angle
definition (flexion/extension, adduction/abducation, internalt/external rotation) used in
a biomechanical point of view. The different sequences result in different joint angles as
provided in figure 4.3.1 for the knee joint angles in the transversal and frontal plane dur-
ing a gait cycle [13]. It should be clear that all models, tracking methods and measuring
systems work with the same definition of body segment coordinate systems and the same
angle convention to compare joint angles.

(a) abduction / adduction (b) internal / external rotation

Figure 4.3.1: Angle differences in the transversal and frontal plane of the knee joint within a
gait cycle using different Euler angle calculation conventions [13].
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5 Methods

This chapter will present the methodological approach of the work. It will explain the
setup, recording and tracking of the four tennis specific movements described in chapter 2
as well as the statistical methods that are used to quantify the accuracy of markerless
and hybrid tracking against marker-based tracking.

5.1 Subject, set-up and procedure
Subject
One right-handed elite male athlet (height: 1.85m, weight: 78kg, age: 17 years) agreed
to participate in this study. The player was at position 80 in the under 18 ranking list
in Germany at the time of testing. The participant was briefed on the procedures and
injury free.

Procedure
First, the male athlete was instructed to the experimental procedure. He was then per-
mitted as much time as needed to warm up and familiarize himselve with the testing
procedure and sourroundings as well as the attached markers. The participant used his
own racquet to ensure that he felt as comfortable as possible performing each stroke and
to enable a more realistic situation. Hence, no ball machine was used, which would gen-
erate a constant pre-impact ball velocity, direction and trajectory of played balls.
At the beginning of data collection, a statical trial for the marker-based inverse kinemat-
ics was done to calculate person-specific data. Therefore, the subject stood calm in an
anatomical neutral position. Afterwards, the paricipant did the psi-pose (figure 3.1.2), for
an optimal model initialization with regard to the markerless tracking prodedure (chap-
ter 3.1)).
The balls were hit over the net by the player’s coach with an mean horizontal velocity
of 7.62m/s (±0.40m/s). All mentioned groundstrokes (FH, BH1, BH2) and a SV were
performed one time by the athlete. For all strokes, the subject was encouraged to hit the
ball with the similar action as he would in a match to get movement speeds comparable to
competition. No target area was defined for this validation of different tracking methods.

Set-up
Eight synchronized color cameras (Flare 4M140CCX, IO Industries, Ontario, Canada)
with a resolution of 1024 x 1024 pixels, a sampling at 250Hz and ring lights were used for
this survey. For each camera, the shutter rate was set at 2.0ms. The whole measurement
took place in a tennis hall at the BTV (Bayerischer Tennis-Verband) in Oberhaching.
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Due to the given surroundings, it was not possible to get a similar distance of all cam-
eras to the capture volume. Thus, cameras with different focal length were used to get a
comparable image size of the athlete for each camera. Figure 5.1.1 contains the detailed
set up with camera positions, height and focal length as well as the defined measurement
volume on the tennis court. The positions were chosen based on a pre-test to ensure
that each camera produces a different sihlouette image in each frame from the athlete. If
two cameras seem to be placed exactly counterpart, they were fixed in different heights.
The measuring volume (7m x 3.6m x 3.5m) was placed around the mid of the base-line,
where the groundstrokes and the serve usually were performed. The origin of the global
coordinate system was set on the center of baselinen so that the x-axis accorded with the
baseline pointing to right. The y-axis was directed from the subject towards the other
side of the court perpendicular to the x-axis in the court’s plane. Thus, the z-axis, as the
result of the cross product of the x- and the y-axis, was vertical out of the court plane.

f = 8 mm

Camera Height: 3.5m

Camera Height: 1.6m

y

x

z

Measuring Volume:

7m x 3,6m x 3m

f = 12.5 mm f = 12.5 mm

f = 8 mm

f = 6 mm

f = 8 mm

f = 8 mmf = 6 mm

Figure 5.1.1: Camera set up (position, height, focal length) and measuring volume on the
tennis court.

Before recording the strokes, a dynamic wand calibration was executed (wand length:
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600mm) and clibration was caluclated with Simi Motion 9.2.1 RC4 (Simi Reality Motion
Systems GmbH) out of 15963 frames with a standard deviation of 3.43mm. Additionally,
a statical record of the measuring volume was done to generate an empty room image of
each camera (2D calibration) for the markerless tracking (chapter 3.1). For kinematics
analysis, 46 retro reflective markers according to a predefined full body inverse kinematics
set (figure 5.1.2) developed by Hunter and Ferdinand [42], were attached by an experienced
expert to the athlete’s body at specific landmarks by palpating the required anatomical
reference points.

Figure 5.1.2: Markerpositions of the full body marker set [42]. For marker-based tracking, all
markers were used, for hybrid tracking only the blue ones.

Although, the subject wore tight shorts and no t-shirt in order to limit movement of the
markers from their anatomical landmarks. However, the author was aware that skinned
attached markers may produce big errors in tracking as mentioned in chapter 1.1.

5.2 Data collection and processing
The four strokes were played in a row. The recordings were done with the software Simi
Grab (Simi Reality Motion Systems GmbH). All video were processed with real-time
compression to handle the large volume of data. Since all recordings can be analyzed
with both tracking methods (marker-based and markerless) simultaneously, the video data
were imported in Simi Motion as well as the camera calibration (3D and 2D). Figure 5.2.1
gives an overview of the whole process including the three tracking types.
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8 movement video files8 movement video files

dynamic wand calibration (3D)

marker-basedmarker-based hybridhybrid markerlessmarkerless

3D coordinates (raw)3D coordinates (raw)

invers kinematic datainvers kinematic data

3D coordinates3D coordinates

empty room image (2D calibration)

segmentation

model initialization

tracking 
(silhouette

correspondence)

tracking 
(silhouette +

 marker
correspondence)

invers kinematics data (raw)invers kinematics data (raw)

 automatical 
tracking 

2nd order lowpass 
(graded model)

Spline interpolation
(20 Hz)

2nd order lowpass 
(graded model)

shape modelwhole body model

Figure 5.2.1: Overview of all data processing steps for the tracking methods marker-based,
markerless and hybrid.

Data were considered from the beginning of each stroke (wind-up phase for the serve and
preparation phase for the forehand and backhand strokes, respectively) to the end of the
follow-through as defined in chapter 2.1 and 2.2, respectively. Ball impact was identified
by visual inspection and was defined as the frame before ball contact, since the event
occured sometime during the 0.004s between this frame and the next one.
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5.2.1 Marker-based data

Following motion capture of the defined tennis strokes (section 5.1), three-dimensional co-
ordinates of the 46 markers were calculated automatically with the software version Simi
Motion 9.2.1 RC3 (Simi Reality Motion Systems GmbH). Therefore, the brightness and
contrast settings of each camera were modified to reach an optimal result of marker tag-
ging. Identified marker mergences were split manually and gaps were reconstructed with
a cubic spline interpolation for a maximum gap size of 20 frames. Then raw data of all 3D
marker coordinates over the entire swing were filtered with a second order low pass filter
that is suggested by Dal Pupo et al. [68] and Willson et al. [90] for jumping movements,
using a cut-off frequency of 10Hz. However, preliminary investigations showed that fil-
tering all coordinate data of the entire swing with the same cut-off frequency resulted in
over-smoothing [52]. Therefore, it was used a graded filtering model by increasing the
cut-off frequency constantly for the upper extremity from the more proximal shoulder
marker to the most distal mid-finger marker following Abrams et al. [1] and Sheets et al.
[82]. The authors calculated these cut-off frequencies based on a fast Fourier transforma-
tion analysis. Table 5.2.1 gives an overview of the different cut-off frequencies used for
the markers attached to the upper extremities. Subsequent calculations in Simi Motion
resulted in the desired inverse kinematic data. Detailed information about underlying
calculation to determine the required parameters (chapter 5.3) can be looked up in the
Simi Motion User’s manual [36]. The more complex calculations of the hip and shoulder
joints are in accord with the work of Bell et al. [8] and De Leva [20]. The left cloumn of
figure 5.2.1 summarizes the operating progress of marker-based tracking.

Cut-off
Frequency

(Hz)
Marker Segments / Joints

15 biceps lateral, triceps
acromion upper arm / shoulder

20 epicondylus medial/lateral forearm / elbow

25 wrist medial/lateral
middel finger base joint hand / wrist

Table 5.2.1: Cut-off frequencies of 2nd order lowpass filter. All specifications apply for the
left and right upper extremity. All not mentioned markers/segments/joints were filtered with a
cut-off frequency of 10Hz

5.2.2 Markerless data

With a view to chapter 3.1, the two steps of preparation for markerless tracking in Simi
Shape 2.2.0 (segmentation and model initialization) were completed. The setting of back-
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ground subtraction and initialized model were used for all four strokes as well as the
setting ’silhouette-correspondence’. The tracking was completed with 20 iterations per
frame - the default setting is 10 iterations per frame. Resulting inverse kinematic data of
the model were filtered as well as the marker-based 3D coordinate data with a 2nd order
lowpass filter (graded model - cf. table 5.2.1). The whole procedure of data processing
for markerless tracking is contained in the right column in figure 5.2.1.

5.2.3 Hybrid data

The general difference in hybrid tracking compared to markerless tracking is the source
of information. In addition to the silhouette-correspondence (based on ICP algorithm -
cf. Subsection 3.1), 3D-marker information is used for motion tracking. As the records
for marker-based tracking can also be used for markerless tracking and hybrid tracking,
several calculated 3D marker from marker-based tracking (cf. chapter 5.2.1) were used
for hybrid tracking. In the present study, the blue marked markers, from the full body
marker set presented in figure 5.1.2, were used for hybrid tracking. This marker selection
was based on the fact that, first, the given marker should be seen easily from at least
two cameras at any time of the recording and that one marker per segment is needed for
improving rotation data (cf. chapter 3.2). And second, the kinematics of power strokes in
tennis are focused on the torso and upper limbs (cf. chapter 2). Therefore, only markers
attached to these body parts were used for hybrid tracking to have a good compromise
between time requirement with regard to the preparation and possible accuracy improve-
ment. This tracking was also completed with 20 iterations per frame and a weight of
0.05 for 3D-marker-correspondence. As provided in the mid column of figure 5.2.1, only
the information base for tracking differs to pure markerless tracking. Resulting inverse
kinematic data of the model were filtered as well as the marker-based 3D coordinate data
with a 2nd order lowpass filter (graded model - cf. table 5.2.1).

5.3 Parameters of interest
To quantify the accuracy of markerless and hybrid tracking against marker-based tracking,
all kinematic variables were used for the comparison contained in the inverse kinematic
data set of Simi Motion.
3D coordinates (given as vectors (x,y,z)) of 13 segment centers of gravity (SegCOG),
and in addition, the overall body center of gravity (COG) were compared for each single
coordinate as well as an overall comparison for all given strokes was done. The same
applied to the 3D coordinates of 12 joint centers (JC) which were also contained in the
additional inverse kinematic data. The joint centers of the lower and upper trunk were
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excluded from this consideration. They are defined differently between the marker-based
inverse kinematic model in Simi Motion and the silhouette-based model in Simi Shape. For
both parameter types, each single coordinate direction is outputted in meters. Table 5.3.1
gives an overview of all relevant parameters which were included in the tracking validation.

Segment
center of

gravity (m)

Joint center
(m) Joint angle (◦) Segment

rotation

foot foot ankle foot
shank shank le/ri knee le/ri shank le/ri
thigh hip le/ri hip le/ri thigh le/ri

upper trunk* upper trunk * upper trunk*
upper arm* shoulder* shoulder* upper arm*
forearm* elbow* elbow* forearm*
hand* wrist* wrist* hand*
COG*

Table 5.3.1: Used kinematic parameters for markerless tracking validation. For the accuracy
evaluation of hybrid tracking, only the tagged (*) joints / segments were taken into account.

As presented in chapter 4 joint rotations required a more complex treatment. They were
divided into the global join rotations which were also called segmental rotations (SegRot)
and the local joint rotations known as joint angles (JAng) in a biomechanical context.
The SegRot were assessed with a fixed reference system which was defined in the course
of the described calibration procedure (cf. chapter 5.1) for this survey. In Simi Motion,
the SegRot are given as orientation vectors in the axis-angle representation (cf. chap-
ter 4.2). For evaluating the accuracy the direction, described in chapter 4, were used of
each segment. As mentioned in chapter 4, the single values of each coordinate direction
of the rotation vector are dimensionless and cannot be interpreted very well. Thus, an
overall consideration of this parameter suffices to evaluate the accuracy of the direction
of the resulting rotation axis of each segment. A breakdown of accuracy evaluation to the
three different body planes is not possible considering the SegRot. The information of the
SegRot will allow to work out in the further progress of this thesis if one or both connected
segments building a joint cause a possible lack of accuracy of certain joint angles.

Concerning the JAng (local rotations), given in table 5.3.1 (column 3), the calculated
Cardan angles (convention x-y’-z”, cf. chapter 4.3) for each joint were compared for each
single direction. As known from a biomechanical point view, the joint movement direc-
tions are divided into the sagittal plane (x), frontal plane (y) and transversal plane (z).
For the knee and elbow joints, only flexion and extension movements (in x) were taken
into account as these joints have only one degree of freedom (hinge joint) in the model

Page 40



Chapter 5 Methods

used for markerless tracking in Simi Shape (cf. chapter 3.1). Movements of the head were
not analyzed. Thus, the neck joint of the markerless tracking model was locked in all
surveys.

In general, the data of each kinematics parameter were given as a n × 3 matrix with
three columns, one for each direction (x, y and z), and n = f · tstroke rows, one for each
measuring point ti within the stroke duration tstroke and the sampling rate f = 250Hz.
As all data were based on the same video file, the data of the different tracking methods
within one stroke had the same length n. In addition, an overall 3n × 1 matrix (a com-
pound vector) per segment for the JC as well as for the SegCOG location was generated
by assembling the three columns of each data matrix into a compound vector that is later
used for the statistical analysis regardless of the direction of space as discussed later. The
data of the mentioned rotation angles as well as the angle differences of rotation axis were
all given as a vector with a length of n.
To prepare data for an overall parameter accuracy estimation of the four relevant param-
eter groups (SegCOG, JC, JAng, SegRot), the data matrices of all segments / joints per
group were merged among one another. The further procedure was similar to that for the
single segments / joints.

Due to the used upper body marker model for hybrid tracking (blue dots in figure 5.1.2),
only the joints and segments of the trunk and the upper limbs (tagged with a * in ta-
ble 5.3.1) were taken into account for the accuracy evaluation of hybrid tracking compared
to marker-based tracking.

5.4 Statistical methods
To quantify the accuracy of markerless and hybrid tracking in comparison to marker-based
tracking, the following statistical values were calculated for each parameter mentioned in
chapter 5.3 using Matlab R2016a (The MathWorks Inc., Natick, Massachusetts):

1. The empirical correlation coefficient

r :=

∑n
i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2
∑n

i=1(yi − ȳ)2
∈ [−1; 1]

with x̄ =
1

n

n∑
i=1

xi and ȳ =
1

n

n∑
i=1

yi

quantifies the goodness of linear relation and is used in general for measurement
series with pairwise characteristics [11]. In this work, it was used to determine the
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correlation between the marker-based data (x) and the data based on markerless
and hybrid tracking (y), respectively. Table 5.4.1 shows the common practice to
interpret the values of r.

Correlation
coefficient r

Interpretation

[0; 0.2) very weak
[0.2; 0.4) weak
[0.4; 0.6) moderate
[0.6; 0.8) strong
[0.8; .1.0] very strong

Table 5.4.1: Interpretation of the correlation coefficient [55].

Identical data are given for r = 1 and if all data points are lying along the bisector
within a scatter diagram.

2. To prove this special linear relationship and for a better graphical representation
of the data, a simple linear regression was calculated based on the least-squares
principle. A linear-polynomial fit (f(x) = a1x + a0) was used to estimate the
progress of the data pairs within the scatter plot. Concerning this approach, exact
identical data are given if the regression results in a linear function with a1 = 1

and a0 = 0. A higher value of a1 indicates partly higher values of the markerless or
hybrid tracking data compared to marker-based tracking data and vice versa.
Confidence bounds were calculated and implemented in the scatter plot to simplify
the error estimation concerning the accuracy.

3. The parameter differences d were given by the offset of the new tracking methods
compared to the gold-standard marker-based tracking for each of the n data points:

d =


d1
...
dn

 =


x1 − y1

...
xn − yn


Based on d, the mean value of the differences (Mdiff) and standard deviation of the
differences (SDdiff) were calculated.

To enable an evaluation of each mentioned statistical parameter in terms of the accuracy,
thresholds were defined that represent the maximum acceptable deviations. The thresh-
olds for the JAng as well as for the JC and SegCOG locations are based on the known
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error of marker-based tracking caused by soft tissue artifacts and marker displacement (cf.
chapter 1.1). Thus, a SDdiff ≤ 50mm for JC and SegCOG location and a SDdiff ≤ 10◦

for JAng will be interpreted as high tracking accuracy. No literature can be found to de-
fine a threshold to evaluate the results of a1. Thus, a range of a1 ∈ [0.9; 1.1] was defined
as a high level of the gradient of the linear-polynomial fit.

a1

SDdiff

SegCOG/JC JAng

[0.9; 1.1] 50 mm 10◦

Table 5.4.2: Thresholds of SDdiff and a1 for the different kinematic parameters [58, 31].
These represent the maximum accaptable value to evaluate the results as a high level of tracking
accuracy.

The mentioned statistical parameters were evaluated in a certain hierarchy. First neces-
sary condition was a very strong correlation (r ≥ 0.8). All parameters that fulfilled this
condition were checked for the second necessary condition: a1 = 1 (gradient of the linear-
polynomial fit). These two requirements determine the consistency between marker-based
and markerless / hybrid data. If both statistical parameters met the mentioned require-
ments (cf. table 5.4.2), the SDdiff was considered to evaluate the tracking stability more
detailed. In case of a high level of tracking accuracy for all of the mentioned parameters
within this graded evaluation, Mdiff was calculated to identify a possible general offset
between the different models used in Simi Shape and Simi Motion based on an inconsistent
definition of segment coordinate systems and joint center locations.
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6 Results

In the following chapter, the results of the comparison between marker-based and marker-
less tracking concerning the kinematic parameters segment center of mass location, joint
center location, segment rotation and joint angle as well as the effect of hybrid tracking
regarding these parameters will be presented. Three different groundstrokes (FH, BH1
and BH2) and a serve (SV) were recorded. One and the same recording of each stroke was
used for all three tracking methods. Evaluation of markerless tracking accuracy compared
to marker-based tracking will be based on the statistical parameters described in the pre-
vious chapter. The results of hybrid tracking are related to the joints and segments of the
upper trunk and upper limb (tagged with a * in table 5.3.1). Concerning the displayed
tables in the following chapters, all kinematic parameters meeting all requirements for a
high level of tracking accuracy will be marked in green.

6.1 Segment center of gravity location
Table 6.1.1 contains the results of the segment center of gravity locations for each stroke
overall segments. A very strong correlation (r = 1.00) for all strokes was found. Com-
bined with an almost perfect gradient a1 of the linear function based on regression (cf.
chapter 5.4), these results reveal a high accuracy of markerless tracking concerning the
identification of segment centers of gravity with an overall SDdiff = 27mm for the three
coordinate directions (x, y and z), which is clearly below the predefined threshold of
50mm.

SegCOG

left right left right left right
foot 1.00 1.00 0.99 0.99 20 18
shank 1.00 1.00 1.00 0.99 25 23
thigh 1.00 1.00 1.00 0.99 16 17
lower trunk
upper trunk
upper arm 1.00 1.00 0.99 0.99 28 21
forearm 1.00 1.00 1.01 1.00 35 21
hand 1.00 1.00 1.01 0.99 40 35
COG

FH
SV
BH1
BH2
OVERALL

left right left right
upper trunk
upper arm 28 21 16 13
forearm 35 21 10 12
hand 40 35 18 15
COG
overall

MARKERLESS HYBRID
SD (mm)

30 19

30

12 12

1.00 0.99 27

30

MARKERLESS

1.00 0.99 26
1.00 1.00 28

r a1 SD (mm)
1.00 0.99 27
1.00 0.99 26

1.00 0.99 12

segment
MARKERLESS

r a1 SD (mm)

1.00 0.98 23
1.00 0.98 30

Table 6.1.1: Results gained from the statistical analysis of the kinematic parameter SegCOG
for each stroke type as well as for all recorded motions based on markerless tracking.

A more detailed view on the data of the individual segments, as provided by table 6.1.2,
reveals that all single segments reached a perfect correlation and an almost perfect gra-
dient a1. Thus, the markerless tracking provided almost identical data for the position of
SegCOG for all relevant segments within each stroke type. Similar tables for each single
stroke with all statistical data are foung in appendices A.1 – A.4. Moreover, it is remark-
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able that the SDdiff of the upper limbs of the left body side was found to be bigger for
each segment compared to the right body side.SegCOG

left right left right left right
foot 1.00 1.00 0.99 0.99 20 18
shank 1.00 1.00 1.00 0.99 25 23
thigh 1.00 1.00 1.00 0.99 16 17
lower trunk
upper trunk
upper arm 1.00 1.00 0.99 0.99 28 21
forearm 1.00 1.00 1.01 1.00 35 21
hand 1.00 1.00 1.01 0.99 40 35
COG

FH
SV
BH1
BH2
OVERALL

left right left right
upper trunk
upper arm 28 21 16 13
forearm 35 21 10 12
hand 40 35 18 15
COG
overall

MARKERLESS HYBRID
SD (mm)

30 19

30

12 12

1.00 0.99 27

30

MARKERLESS

1.00 0.99 26
1.00 1.00 28

r a1 SD (mm)
1.00 0.99 27
1.00 0.99 26

1.00 0.99 12

segment
MARKERLESS

r a1 SD (mm)

1.00 0.98 23
1.00 0.98 30

Table 6.1.2: Results gained from the statistical analysis of the kinematic parameter SegCOG
for each segment as well as for the COG over all recorded motions based on markerless tracking.

Looking at the results of hybrid tracking (adding 3D position information of several mark-
ers to the tracking process), all SegCOG of all strokes reached a perfect correlation and
an almost perfect gradient a1(cf. appendix A.1 – A.4).

SegCOG

left right left right left right
foot 1.00 1.00 0.99 0.99 20 18
shank 1.00 1.00 1.00 0.99 25 23
thigh 1.00 1.00 1.00 0.99 16 17
lower trunk
upper trunk
upper arm 1.00 1.00 0.99 0.99 28 21
forearm 1.00 1.00 1.01 1.00 35 21
hand 1.00 1.00 1.01 0.99 40 35
COG

FH
SV
BH1
BH2
OVERALL

left right left right
upper trunk
upper arm 28 21 16 13
forearm 35 21 10 12
hand 40 35 18 15
COG
overall

MARKERLESS HYBRID
SD (mm)

30 19

30

12 12

1.00 0.99 27

30

MARKERLESS

1.00 0.99 26
1.00 1.00 28

r a1 SD (mm)
1.00 0.99 27
1.00 0.99 26

1.00 0.99 12

segment
MARKERLESS

r a1 SD (mm)

1.00 0.98 23
1.00 0.98 30

Table 6.1.3: Comparison of the SDdiff between markerless and hybrid tracking for each seg-
ment of the upper body as well as for the COG.

Table 6.1.3 contains the values of the SDdiff of hybrid tracking. Figure 6.1.1 elucidates the
improvement of this parameter through hybrid tracking for each segment of the upper limb
of both body sides. It follows that the overall SDdiff of markerless tracking (SDdiff =

30mm) is decreased by hybrid tracking to SDdiff = 19mm. All values of the SDdiff for
markerless as well as for hybrid tracking were below the threshold of 50mm.

With a view to the Mdiff , vanashing small offsets were gained for markerless tracking
data as well as for hybrid tracking data of the SegCOG.
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Figure 6.1.1: SDdiif improvement of the SegCOG due to hybrid tracking compared to marek-
erless tracking for each segment of the upper body. The red dashed line represents the defined
threshold of 50mm for a high level of tracking accuracy.

6.2 Joint center location
Roughly the same results were gained for the position of the joint center as for that
of the SegCOG. Table 6.2.1 contains the very strong correlation of marker-based and
markerless tracking for all strokes over all of the segments (r = 1.00) as well as an almost
perfect gradient a1 ∈ [1.00; 1.01]. Thus, markerless tracking delivers accurate tracking
data concerning the joint center locations of each joint for each stroke type. The SDdiff

concerning the three directions in space are also similar to that of the SegCOG with an
overall standard deviation of SDdiff = 29mm.

JC

left right left right left right
ankle 1.00 1.00 0.99 1.00 19 17
knee 1.00 1.00 1.00 0.99 27 26
hip 1.00 1.00 1.00 0.98 21 26
lower trunk
shoulder 1.00 1.00 0.97 0.99 36 29
elbow 1.00 1.00 1.01 1.00 41 27
wrist 1.00 1.00 1.01 1.00 37 29

FH
SV
BH1
BH2
OVERALL

left right left right
shoulder 36 29 22 19
elbow 41 27 12 12
wrist 37 29 16 16
overall 33 17

SD (mm)
MARKERLESS HYBRID

1.00 1.00 29
1.00 1.00 29

1.00 1.00 28
1.00 1.01 32

MARKERLESS
r a1 SD (mm)

1.00 1.00 29

joint
MARKERLESS

r a1 SD (mm)

1.00 0.98 26

Table 6.2.1: Results gained from the statistical analysis of the kinematic parameter JC for each
stroke type as well as for all recorded motions based on markerless tracking.

As shown above for the SegCOG, none of the joint centers contains an outlier concerning
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the statistical parameters over all strokes (cf. table 6.2.2) and, thus, the detection of
joint centers based on markerless tracking results in almost identical data considering the
mentioned standard deviation of the differences.
Shoulder, elbow and wrist joint of the left body side again had a higher standard deviation
of differences compared to the right one. The results of the joint centers for each single
stroke can be found in the appendix (B.1 – B.4).JC

left right left right left right
ankle 1.00 1.00 0.99 1.00 19 17
knee 1.00 1.00 1.00 0.99 27 26
hip 1.00 1.00 1.00 0.98 21 26
lower trunk
shoulder 1.00 1.00 0.97 0.99 36 29
elbow 1.00 1.00 1.01 1.00 41 27
wrist 1.00 1.00 1.01 1.00 37 29

FH
SV
BH1
BH2
OVERALL

left right left right
shoulder 36 29 22 19
elbow 41 27 12 12
wrist 37 29 16 16
overall 33 17

SD (mm)
MARKERLESS HYBRID

1.00 1.00 29
1.00 1.00 29

1.00 1.00 28
1.00 1.01 32

MARKERLESS
r a1 SD (mm)

1.00 1.00 29

joint
MARKERLESS

r a1 SD (mm)

1.00 0.98 26

Table 6.2.2: Results gained from the statistical analysis of the kinematic parameter JC for each
joint over all recorded motions based on markerless tracking.

Hybrid tracking had the same effect on the results of accuracy concerning the joint center
locations as for the SegCOG.

JC

left right left right left right
ankle 1.00 1.00 0.99 1.00 19 17
knee 1.00 1.00 1.00 0.99 27 26
hip 1.00 1.00 1.00 0.98 21 26
lower trunk
shoulder 1.00 1.00 0.97 0.99 36 29
elbow 1.00 1.00 1.01 1.00 41 27
wrist 1.00 1.00 1.01 1.00 37 29

FH
SV
BH1
BH2
OVERALL

left right left right
shoulder 36 29 22 19
elbow 41 27 12 12
wrist 37 29 16 16
overall 33 17

SD (mm)
MARKERLESS HYBRID

1.00 1.00 29
1.00 1.00 29

1.00 1.00 28
1.00 1.01 32

MARKERLESS
r a1 SD (mm)

1.00 1.00 29

joint
MARKERLESS

r a1 SD (mm)

1.00 0.98 26

Table 6.2.3: Comparison of the SDdiff between markerless and hybrid tracking for each joint
of the upper body.

The decreased SDdiff of hybrid tracking for each JC of the upper limb can be found in
table 6.2.3). Overall, the SDdiff of markerless tracking for the upper limb (SDdiff =

33mm) is improved by hybrid tracking to SDdiff = 17mm. Figure 6.2.1) graphs this
decrease of SDdiff based on hybrid tracking. All values of the standard deviation of the
differences are within the stated threshold.

Similar to the SegCOg, negligible results for Mdiff were obtained for both the markerless
tracking and the hybrid tracking data of JC.
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Figure 6.2.1: SDdiif improvement of the SegCOG due to hybrid tracking compared to marker-
less tracking for each joint center of the upper limb. The red dashed line represents the defined
threshold of 50mm for a high level of tracking accuracy.

6.3 Joint angles
The evaluation of joint angle accuracy of markerless tracking compared to marker-based
tracking is not as unambiguous as for the SegCOG and JC. Table 6.3.1 provides an
overview of the correlation coefficients over all joints for each stroke. Within this first
listing, however, the separation of the joint angles into the three described body planes
(cf. chapter 5.3) is not included.

FH SV BH1 BH2 overall

r 0.58 0.26 0.71 0.60 0.42

MARKERLESS

Table 6.3.1: Correlation coefficient r of the markerless tracked JAng data over all joints and
movement directions for each stroke type.

The results of the statistical parameters gave low accuracy over all joint angles within each
stroke due to the fact that the necessary condition of a very strong correlation (r ≥ 0.80)
between the markerless and marker-based joint angle data is not fulfilled. Hence, a closer
look to the single joints with a very strong correlation over strokes is given in table 6.3.2.
Very strong correlation of r ≥ 0.80 for both body sides over all four stroke types between
marker-based and markerless tracking data was found in the knee flexion/extension angle
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as well as in the shoulder abduction/adduction movement.

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.66 0.89 - 9.4 -
knee flexion / extension (x) 0.95 0.97 1.05 1.02 5.7 5.5

flexion / extension (x) -0.08 0.91 - 0.93 - 16.2
abduction / adduction (y) 0.91 0.97 0.77 0.92 9.3 7.4

FH

left right left right left right
plantar / dorsal flexion (x) 0.82 0.90 1.07 1.23 8.7 7.2
abduction / adduction (z) 0.80 0.34 1.30 - 8.0 -

knee flexion / extension (x) 0.98 0.94 1.18 1.06 5.0 1.1
flexion / extension (x) 0.98 0.65 1.19 - 13.0 -
abduction / adduction(y) 0.93 0.86 0.80 0.64 10.0 8.3

elbow flexion / extension (x) -0.39 0.96 - 1.21 - 8.8
wrist flexion / extension (x) 0.85 -0.26 1.02 - 13.0 -

SV

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.47 0.92 - 9.7 -
knee flexion / extension (x) 0.96 0.96 1.07 1.02 5.2 6.3

flexion / extension (x) -0.23 0.96 - 0.93 - 14.2
abduction / adduction(y) 0.92 0.98 0.70 0.98 8.5 5.1

elbow flexion / extension (x) 0.97 0.83 0.95 1.16 7.7 27.8

BH1

left right left right left right
ankle plantar / dorsal flexion (x) 0.87 0.88* 0.77 0.92 7.3 7.4
knee flexion / extension (x) 0.84 0.98 1.34 1.01 5.1 3.2

flexion / extension (x) 0.74 0.86 - 1.11 - 8.8
abduction / adduction (y) 0.19 0.91 - 0.99 - 5.6
flexion / extension (x) 0.90 0.97 1.22 1.10 19.6 9.9
abduction / adduction(y) 0.73 0.98 - 0.96 - 5.6

elbow flexion / extension (x) 0.96 0.80 1.06 1.22 13.5 17.4

BH2

left right left right left right
ankle plantar / dorsal flexion (x) 0.97 0.89 0.95 1.42 4.4 7.2
knee flexion / extension (x) 0.88 0.99 0.99 1.00 4.1 1.9
hip abduction / adduction (y) 0.75 0.86 - 0.79 - 5.9

flexion / extension (x) 0.93 0.68 0.85 - 6.9 -
abduction / adduction(y) 0.88 0.94 0.90 1.09 6.7 5.8

shoulder

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

hip

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

ankle

joint movement direction

MARKERLESS

r a1 SD (°)

Table 6.3.2: Joint movements meeting the first requirement of r ≥ 0.80, at least for one body
side, with their corresponding values of a1 and SDdiff for markerless tracked joint angle data.
Those meeting all three requirements for a high level of tracking accuracy are marked in green.

Furthermore, the plantar/dorsal flexion of the left ankle as well as the movement in
the sagittal plane of the right shoulder showed very strong correlations of r = 0.82

and r = 0.91, respectively. However, the second necessary condition for identical data
(a1 ∈ [0.90; 1.10]) was not met by the left ankle (x) and the left shoulder joint angle (y).
Concerning the SDdiff , only the right shoulder joint in x-direction revealed an oversized
value of 16.2◦. To conclude, only the knee joint flexion/extension of both body sides as
well as the right shoulder abduction/adduction showed good results for all three statis-
tical parameters and, thus, indicate an accurate tracking result of markerless tracking
compared to marker-based. No noticeable offsets (Mdiff ) between the markerless and
marker-based tracking data concerning these three joint movements exist (cf. appendix
D.5).

left right left right left right
flexion / extension (x) -0.04 0.96 - 0.98 - 10.5
abduction / adduction(y) 0.93 0.98 0.88 0.76 8.2 8.1
internal / external rot. (z) 0.17 0.96 - 0.91 - 12.0

elbow flexion / extension (x) 0.99 0.98 0.99 0.93 5.3 5.5

FH

left right left right left right
flexion / extension (x) 1.00 0.87 1.06 0.84 4.1 11.3
abduction / adduction(y) 0.96 0.95 0.84 0.65 7.9 6.6
internal / external rot. (z) 0.92 0.80 0.75 0.78 10.1 17.6

elbow flexion / extension (x) 0.99 0.98 0.95 0.90 4.4 3.9

SV

left right left right left right
flexion / extension (x) -0.25 0.97 - 0.99 - 13.0
abduction / adduction(y) 0.95 0.99 0.82 0.83 6.3 5.7
internal / external rot. (z) -0.10 0.98 - 0.88 - 10.2

elbow flexion / extension (x) 0.99 0.99 1.01 0.97 3.4 5.5

BH1

left right left right left right
flexion / extension (x) 0.99 0.99 1.11 1.06 5.7 4.6
abduction / adduction(y) 0.95 0.99 0.84 0.76 3.7 7.3
internal / external rot. (z) 0.95 0.99* 1.06 1.03 12.8 5.8

elbow flexion / extension (x) 1.00 0.96 0.91 0.91 4.6 5.2

BH2

left right left right left right
flexion / extension (x) 0.98 0.94 0.81 1.06 4.7 4.0
abduction / adduction(y) 0.96 0.99 0.64 0.62 5.4 5.5
internal / external rot. (z) 0.92 0.92* 0.74 0.96 5.2 5.4

elbow flexion / extension (x) 0.93 0.99 1.14 0.98 5.6 3.1
wrist pronation / supination (z) 0.12 0.82 - 2.85 - 13.9

joint movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

shoulder

shoulder

shoulder

shoulder

shoulder

joint

joint

joint

joint

Table 6.3.3: Joint movements meeting the first requirement of r ≥ 0.80, at least for one body
side, with their corresponding values of a1 and SDdiff for hybrid tracked joint angle data.

The previous table represents the join movements of the upper limb meeting the require-
ment of r for at least one body side basde on hybrid tracking. In detail, hybrid tracking
increased the correlation coefficient r to a very strong correlation between hybrid tracking
and marker-based for the right shoulder internal/external rotation as well as for the left
and right elbow movement in the sagittal plane (cf. figure 6.3.1 left). Figure 6.3.1 (right)
contains the SDdiff for all joint movements meet the necessary condition for r. For those
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joint angle directions of markerless tracking who didn’t reach a r ≥ 0.80, the value of
SDdiff was set to zero.

Figure 6.3.1: Comparison of r and SDdiff between markerless and hybrid tracking regarding
the JAng of the upper limb. The red dashed lines represent the respective threshold of each
statistical parameter for a high level of tracking accuracy.

Thus, hybrid tracking increased the correlation to marker-based tracking compared to
markerless tracking but not all joint movements reached high accuracy due to insufficient
values of a1 and/or SDdiff (cf. appendix D.5). Only the left and right elbow joint
movement reached a high level of accuracy for hybrid tracking with Mdiff = −2.0◦ and
Mdiff = 4.9◦, respectively. All joint movements that can be tracked with high accuracy
are highlighted in green in table 6.3.3.

In the following section, the results of joint angle accuracy will be presented for each
single joint, divided into the three mentioned directions, for each single stroke to work
out possible differences between the four different movements. Joint movements meeting
the demands of a high level of tracking accuracy but showing a constant offset (Mdiff )
are tagged with a * in the following subsections.

6.3.1 Forehand

Table 6.3.4 provides an overview of all joint movement that resulted, at least for one body
side, in a r ≥ 0.80.
Although the number of joint directions that reach a very strong correlation were larger
compared to overall results, only the results of the left ankle plantar/dorsal flexion as
well as the right knee flexion/extension showed a high level of accuracy of the markerless
tracking compared to marker-based tracking with Mdiff = 7.5◦ and Mdiff = 4.3◦, respec-
tively. Low tracking accuracy was observed for all joint movements of the upper trunk
and upper limb.
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left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.66 0.89 - 9.4 -
knee flexion / extension (x) 0.95 0.97 1.05 1.02 5.7 5.5

flexion / extension (x) -0.08 0.91 - 0.93 - 16.2
abduction / adduction (y) 0.91 0.97 0.77 0.92 9.3 7.4

FH

left right left right left right
plantar / dorsal flexion (x) 0.82 0.90 1.07 1.23 8.7 7.2
abduction / adduction (z) 0.80 0.34 1.30 - 8.0 -

knee flexion / extension (x) 0.98 0.94 1.18 1.06 5.0 1.1
flexion / extension (x) 0.98 0.65 1.19 - 13.0 -
abduction / adduction(y) 0.93 0.86 0.80 0.64 10.0 8.3

elbow flexion / extension (x) -0.39 0.96 - 1.21 - 8.8
wrist flexion / extension (x) 0.85 -0.26 1.02 - 13.0 -

SV

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.47 0.92 - 9.7 -
knee flexion / extension (x) 0.96 0.96 1.07 1.02 5.2 6.3

flexion / extension (x) -0.23 0.96 - 0.93 - 14.2
abduction / adduction(y) 0.92 0.98 0.70 0.98 8.5 5.1

elbow flexion / extension (x) 0.97 0.83 0.95 1.16 7.7 27.8

BH1

left right left right left right
ankle plantar / dorsal flexion (x) 0.87 0.88* 0.77 0.92 7.3 7.4
knee flexion / extension (x) 0.84 0.98 1.34 1.01 5.1 3.2

flexion / extension (x) 0.74 0.86 - 1.11 - 8.8
abduction / adduction (y) 0.19 0.91 - 0.99 - 5.6
flexion / extension (x) 0.90 0.97 1.22 1.10 19.6 9.9
abduction / adduction(y) 0.73 0.98 - 0.96 - 5.6

elbow flexion / extension (x) 0.96 0.80 1.06 1.22 13.5 17.4

BH2

left right left right left right
ankle plantar / dorsal flexion (x) 0.97 0.89 0.95 1.42 4.4 7.2
knee flexion / extension (x) 0.88 0.99 0.99 1.00 4.1 1.9
hip abduction / adduction (y) 0.75 0.86 - 0.79 - 5.9

flexion / extension (x) 0.93 0.68 0.85 - 6.9 -
abduction / adduction(y) 0.88 0.94 0.90 1.09 6.7 5.8

shoulder

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

hip

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

ankle

joint movement direction

MARKERLESS

r a1 SD (°)

Table 6.3.4: Joint movements within the forehand stroke meeting the first requirement of
r ≥ 0.80, at least for one body side, with their corresponding values of a1 and SDdiff for
markerless tracked joint angle data.

left right left right left right
flexion / extension (x) -0.04 0.96 - 0.98 - 10.5
abduction / adduction(y) 0.93 0.98 0.88 0.76 8.2 8.1
internal / external rot. (z) 0.17 0.96 - 0.91 - 12.0

elbow flexion / extension (x) 0.99 0.98 0.99 0.93 5.3 5.5

FH

left right left right left right
flexion / extension (x) 1.00 0.87 1.06 0.84 4.1 11.3
abduction / adduction(y) 0.96 0.95 0.84 0.65 7.9 6.6
internal / external rot. (z) 0.92 0.80 0.75 0.78 10.1 17.6

elbow flexion / extension (x) 0.99 0.98 0.95 0.90 4.4 3.9

SV

left right left right left right
flexion / extension (x) -0.25 0.97 - 0.99 - 13.0
abduction / adduction(y) 0.95 0.99 0.82 0.83 6.3 5.7
internal / external rot. (z) -0.10 0.98 - 0.88 - 10.2

elbow flexion / extension (x) 0.99 0.99 1.01 0.97 3.4 5.5

BH1

left right left right left right
flexion / extension (x) 0.99 0.99 1.11 1.06 5.7 4.6
abduction / adduction(y) 0.95 0.99 0.84 0.76 3.7 7.3
internal / external rot. (z) 0.95 0.99* 1.06 1.03 12.8 5.8

elbow flexion / extension (x) 1.00 0.96 0.91 0.91 4.6 5.2

BH2

left right left right left right
flexion / extension (x) 0.98 0.94 0.81 1.06 4.7 4.0
abduction / adduction(y) 0.96 0.99 0.64 0.62 5.4 5.5
internal / external rot. (z) 0.92 0.92* 0.74 0.96 5.2 5.4

elbow flexion / extension (x) 0.93 0.99 1.14 0.98 5.6 3.1
wrist pronation / supination (z) 0.12 0.82 - 2.85 - 13.9

joint movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

shoulder

shoulder

shoulder

shoulder

shoulder

joint

joint

joint

joint

Table 6.3.5: Joint movements of the upper limb within the forehand stroke meeting the first
requirement of r ≥ 0.80, at least for one body side, with their corresponding values of a1 and
SDdiff for hybrid tracked joint angle data.

As displayed in table 6.3.5, hybrid tracking reached an improvement of the joint angle
accuracy concerning the upper extremities. The flexion/extension movement of the left
and right elbow joint showed good results with negligible mean values of the angle dif-
ferences for both sides (cf. appendix D.1). Furthermore, markerless tracking data of the
left shoulder flexion/extension were within the predefined thresholds for a high level of
tracking accuracy with Mdiff = 4.3◦.

6.3.2 One-handed backhand

As practiced for the JAng data of the FH, the first table contains an overview of joint
movements within the BH1 stroke, showing a very strong correlation between the mark-
erless and marker-based tracking data.
It should be noted that this stroke type is the only one in which at least one direction
of right hip joint movement (abduction/adduction) that showed accurate tracking data
of markerless tracking compared to markerbased (r = 0.91, a1 = 0.99, SDdiff = 5.6◦,
Mdiff = −7.4◦). Furthermore, a high level of tracking accuracy for markerless tracking
was found for the right ankle as well as the right knee joint, both in sagittal plane, for the
statistical parameter presented in table 6.3.6. Whereas, the right ankle plantar/dorsal
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left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.66 0.89 - 9.4 -
knee flexion / extension (x) 0.95 0.97 1.05 1.02 5.7 5.5

flexion / extension (x) -0.08 0.91 - 0.93 - 16.2
abduction / adduction (y) 0.91 0.97 0.77 0.92 9.3 7.4

FH

left right left right left right
plantar / dorsal flexion (x) 0.82 0.90 1.07 1.23 8.7 7.2
abduction / adduction (z) 0.80 0.34 1.30 - 8.0 -

knee flexion / extension (x) 0.98 0.94 1.18 1.06 5.0 1.1
flexion / extension (x) 0.98 0.65 1.19 - 13.0 -
abduction / adduction(y) 0.93 0.86 0.80 0.64 10.0 8.3

elbow flexion / extension (x) -0.39 0.96 - 1.21 - 8.8
wrist flexion / extension (x) 0.85 -0.26 1.02 - 13.0 -

SV

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.47 0.92 - 9.7 -
knee flexion / extension (x) 0.96 0.96 1.07 1.02 5.2 6.3

flexion / extension (x) -0.23 0.96 - 0.93 - 14.2
abduction / adduction(y) 0.92 0.98 0.70 0.98 8.5 5.1

elbow flexion / extension (x) 0.97 0.83 0.95 1.16 7.7 27.8

BH1

left right left right left right
ankle plantar / dorsal flexion (x) 0.87 0.88* 0.77 0.92 7.3 7.4
knee flexion / extension (x) 0.84 0.98 1.34 1.01 5.1 3.2

flexion / extension (x) 0.74 0.86 - 1.11 - 8.8
abduction / adduction (y) 0.19 0.91 - 0.99 - 5.6
flexion / extension (x) 0.90 0.97 1.22 1.10 19.6 9.9
abduction / adduction(y) 0.73 0.98 - 0.96 - 5.6

elbow flexion / extension (x) 0.96 0.80 1.06 1.22 13.5 17.4

BH2

left right left right left right
ankle plantar / dorsal flexion (x) 0.97 0.89 0.95 1.42 4.4 7.2
knee flexion / extension (x) 0.88 0.99 0.99 1.00 4.1 1.9
hip abduction / adduction (y) 0.75 0.86 - 0.79 - 5.9

flexion / extension (x) 0.93 0.68 0.85 - 6.9 -
abduction / adduction(y) 0.88 0.94 0.90 1.09 6.7 5.8

shoulder

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

hip

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

ankle

joint movement direction

MARKERLESS

r a1 SD (°)

Table 6.3.6: Joint movements within the one-handed backhand stroke meeting the first require-
ment of r ≥ 0.80, at least for one body side, with their corresponding values of a1 and SDdiff

for markerless tracked joint angle data.

flexion reveals an offset of Mdiff = −11.9◦ (tagged with a *). The Mdiff of the right knee
join movement (x) lies within an acceptable range (cf. appendix D.2).

left right left right left right
flexion / extension (x) -0.04 0.96 - 0.98 - 10.5
abduction / adduction(y) 0.93 0.98 0.88 0.76 8.2 8.1
internal / external rot. (z) 0.17 0.96 - 0.91 - 12.0

elbow flexion / extension (x) 0.99 0.98 0.99 0.93 5.3 5.5

FH

left right left right left right
flexion / extension (x) 1.00 0.87 1.06 0.84 4.1 11.3
abduction / adduction(y) 0.96 0.95 0.84 0.65 7.9 6.6
internal / external rot. (z) 0.92 0.80 0.75 0.78 10.1 17.6

elbow flexion / extension (x) 0.99 0.98 0.95 0.90 4.4 3.9

SV

left right left right left right
flexion / extension (x) -0.25 0.97 - 0.99 - 13.0
abduction / adduction(y) 0.95 0.99 0.82 0.83 6.3 5.7
internal / external rot. (z) -0.10 0.98 - 0.88 - 10.2

elbow flexion / extension (x) 0.99 0.99 1.01 0.97 3.4 5.5

BH1

left right left right left right
flexion / extension (x) 0.99 0.99 1.11 1.06 5.7 4.6
abduction / adduction(y) 0.95 0.99 0.84 0.76 3.7 7.3
internal / external rot. (z) 0.95 0.99* 1.06 1.03 12.8 5.8

elbow flexion / extension (x) 1.00 0.96 0.91 0.91 4.6 5.2

BH2

left right left right left right
flexion / extension (x) 0.98 0.94 0.81 1.06 4.7 4.0
abduction / adduction(y) 0.96 0.99 0.64 0.62 5.4 5.5
internal / external rot. (z) 0.92 0.92* 0.74 0.96 5.2 5.4

elbow flexion / extension (x) 0.93 0.99 1.14 0.98 5.6 3.1
wrist pronation / supination (z) 0.12 0.82 - 2.85 - 13.9

joint movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

shoulder

shoulder

shoulder

shoulder

shoulder

joint

joint

joint

joint

Table 6.3.7: Joint movements of the upper limb within the one-handed backhand stroke meeting
the first requirement of r ≥ 0.80, at least for one body side, with their corresponding values of
a1 and SDdiff for hybrid tracked joint angle data

With a view to the results of hybrid tracking regarding the upper trunk and upper limb
joint movements(cf. table 6.3.7), the right shoulder joint as well as the elbow joint of both
body sides showed high accuracy for markerless tracking within the sagittal plane with
an ignorable offset of the left elbow joint movement. The offset of markerless joint angle
data compared to marker-based joint angle data is below the threshold of 10◦ for the right
shoulder flexion/extension (Mdiff = −4.1◦) as well as for the right elbow flexion/extension
(Mdiff = 9.1◦). The right shoulder joint internal/external rotation shows a considerable
offset of Mdiff = 19.7◦ of markerless detected joint angles compared to marker-based.

6.3.3 Two-handed backhand

For the BH2, table 6.3.8 contains all joint movements of which markerless tracking data
correlate very strongly with the marker-based tracking data for at least one body side.
It should be noted that this stroke type is the only one in which shoulder abduction/ad-
duction showed accurate tracking data of markerless tracking compared to markerbased
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for both body sides. Furthermore, high tracking accuracy for markerless tracking was
gained for the right ankle as well as the right and left knee joint, all in the sagittal plane,
for the statistical parameter presented in table 6.3.8. Strikingly, the right knee joint
flexion/extension data are almost identical to that of marker-based tracking (r = 0.99,
a1 = 1.00, SDdiff = 1.9◦).

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.66 0.89 - 9.4 -
knee flexion / extension (x) 0.95 0.97 1.05 1.02 5.7 5.5

flexion / extension (x) -0.08 0.91 - 0.93 - 16.2
abduction / adduction (y) 0.91 0.97 0.77 0.92 9.3 7.4

FH

left right left right left right
plantar / dorsal flexion (x) 0.82 0.90 1.07 1.23 8.7 7.2
abduction / adduction (z) 0.80 0.34 1.30 - 8.0 -

knee flexion / extension (x) 0.98 0.94 1.18 1.06 5.0 1.1
flexion / extension (x) 0.98 0.65 1.19 - 13.0 -
abduction / adduction(y) 0.93 0.86 0.80 0.64 10.0 8.3

elbow flexion / extension (x) -0.39 0.96 - 1.21 - 8.8
wrist flexion / extension (x) 0.85 -0.26 1.02 - 13.0 -

SV

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.47 0.92 - 9.7 -
knee flexion / extension (x) 0.96 0.96 1.07 1.02 5.2 6.3

flexion / extension (x) -0.23 0.96 - 0.93 - 14.2
abduction / adduction(y) 0.92 0.98 0.70 0.98 8.5 5.1

elbow flexion / extension (x) 0.97 0.83 0.95 1.16 7.7 27.8

BH1

left right left right left right
ankle plantar / dorsal flexion (x) 0.87 0.88* 0.77 0.92 7.3 7.4
knee flexion / extension (x) 0.84 0.98 1.34 1.01 5.1 3.2

flexion / extension (x) 0.74 0.86 - 1.11 - 8.8
abduction / adduction (y) 0.19 0.91 - 0.99 - 5.6
flexion / extension (x) 0.90 0.97 1.22 1.10 19.6 9.9
abduction / adduction(y) 0.73 0.98 - 0.96 - 5.6

elbow flexion / extension (x) 0.96 0.80 1.06 1.22 13.5 17.4

BH2

left right left right left right
ankle plantar / dorsal flexion (x) 0.97 0.89 0.95 1.42 4.4 7.2
knee flexion / extension (x) 0.88 0.99 0.99 1.00 4.1 1.9
hip abduction / adduction (y) 0.75 0.86 - 0.79 - 5.9

flexion / extension (x) 0.93 0.68 0.85 - 6.9 -
abduction / adduction(y) 0.88 0.94 0.90 1.09 6.7 5.8

shoulder

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

hip

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

ankle

joint movement direction

MARKERLESS

r a1 SD (°)

Table 6.3.8: Joint movements within the two-handed backhand stroke meeting the first require-
ment of r ≥ 0.80, at least for one body side, with their corresponding values of a1 and SDdiff

for markerless tracked joint angle data.

Table 6.3.9 demonstrates that only the right elbow and right shoulder flexion/extension
joint movements within the two-handed backhand stroke were tracked accurately with
hybrid tracking. Moreover, this tracking method showed high accuracy in tracking the
shoulder rotation around the segment’s longitudinal axis with an offset between hybrid
and marker-based tracking of Mdiff = 11.1◦. All other means of angle differences are
below the threshold of 10◦ (cf. appendix D.3).

left right left right left right
flexion / extension (x) -0.04 0.96 - 0.98 - 10.5
abduction / adduction(y) 0.93 0.98 0.88 0.76 8.2 8.1
internal / external rot. (z) 0.17 0.96 - 0.91 - 12.0

elbow flexion / extension (x) 0.99 0.98 0.99 0.93 5.3 5.5

FH

left right left right left right
flexion / extension (x) 1.00 0.87 1.06 0.84 4.1 11.3
abduction / adduction(y) 0.96 0.95 0.84 0.65 7.9 6.6
internal / external rot. (z) 0.92 0.80 0.75 0.78 10.1 17.6

elbow flexion / extension (x) 0.99 0.98 0.95 0.90 4.4 3.9

SV

left right left right left right
flexion / extension (x) -0.25 0.97 - 0.99 - 13.0
abduction / adduction(y) 0.95 0.99 0.82 0.83 6.3 5.7
internal / external rot. (z) -0.10 0.98 - 0.88 - 10.2

elbow flexion / extension (x) 0.99 0.99 1.01 0.97 3.4 5.5

BH1

left right left right left right
flexion / extension (x) 0.99 0.99 1.11 1.06 5.7 4.6
abduction / adduction(y) 0.95 0.99 0.84 0.76 3.7 7.3
internal / external rot. (z) 0.95 0.99* 1.06 1.03 12.8 5.8

elbow flexion / extension (x) 1.00 0.96 0.91 0.91 4.6 5.2

BH2

left right left right left right
flexion / extension (x) 0.98 0.94 0.81 1.06 4.7 4.0
abduction / adduction(y) 0.96 0.99 0.64 0.62 5.4 5.5
internal / external rot. (z) 0.92 0.92* 0.74 0.96 5.2 5.4

elbow flexion / extension (x) 0.93 0.99 1.14 0.98 5.6 3.1
wrist pronation / supination (z) 0.12 0.82 - 2.85 - 13.9

joint movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

shoulder

shoulder

shoulder

shoulder

shoulder

joint

joint

joint

joint

Table 6.3.9: Joint movements of the upper limb within the two-handed backhand stroke meeting
the first requirement of r ≥ 0.80, at least for one body side, with their corresponding values of
a1 and SDdiff for hybrid tracked joint angle data.

6.3.4 Serve

For the serve motion, markerless tracking reached high accuracy compared to marker-
based data only in the knee flexion/extension for both body sides (cf. table 6.3.10).
Furthermore, the left ankle joint and left elbow joint movement (both in the sagittal plane)
were tracked accurately by the silhouette-based tracking method as well as left shoulder
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abduction/adduction. The mean of joint angles differences of the left ankle and elbow in
x-direction lie below the predefined threshold (Mdiff = 7.0◦ resp. Mdiff = −7.9◦). The
Mdiff of all other green marked joint movements are neglectable (cf. appendix D.4).

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.66 0.89 - 9.4 -
knee flexion / extension (x) 0.95 0.97 1.05 1.02 5.7 5.5

flexion / extension (x) -0.08 0.91 - 0.93 - 16.2
abduction / adduction (y) 0.91 0.97 0.77 0.92 9.3 7.4

FH

left right left right left right
plantar / dorsal flexion (x) 0.82 0.90 1.07 1.23 8.7 7.2
abduction / adduction (z) 0.80 0.34 1.30 - 8.0 -

knee flexion / extension (x) 0.98 0.94 1.18 1.06 5.0 1.1
flexion / extension (x) 0.98 0.65 1.19 - 13.0 -
abduction / adduction(y) 0.93 0.86 0.80 0.64 10.0 8.3

elbow flexion / extension (x) -0.39 0.96 - 1.21 - 8.8
wrist flexion / extension (x) 0.85 -0.26 1.02 - 13.0 -

SV

left right left right left right
ankle plantar / dorsal flexion (x) 0.82 0.47 0.92 - 9.7 -
knee flexion / extension (x) 0.96 0.96 1.07 1.02 5.2 6.3

flexion / extension (x) -0.23 0.96 - 0.93 - 14.2
abduction / adduction(y) 0.92 0.98 0.70 0.98 8.5 5.1

elbow flexion / extension (x) 0.97 0.83 0.95 1.16 7.7 27.8

BH1

left right left right left right
ankle plantar / dorsal flexion (x) 0.87 0.88* 0.77 0.92 7.3 7.4
knee flexion / extension (x) 0.84 0.98 1.34 1.01 5.1 3.2

flexion / extension (x) 0.74 0.86 - 1.11 - 8.8
abduction / adduction (y) 0.19 0.91 - 0.99 - 5.6
flexion / extension (x) 0.90 0.97 1.22 1.10 19.6 9.9
abduction / adduction(y) 0.73 0.98 - 0.96 - 5.6

elbow flexion / extension (x) 0.96 0.80 1.06 1.22 13.5 17.4

BH2

left right left right left right
ankle plantar / dorsal flexion (x) 0.97 0.89 0.95 1.42 4.4 7.2
knee flexion / extension (x) 0.88 0.99 0.99 1.00 4.1 1.9
hip abduction / adduction (y) 0.75 0.86 - 0.79 - 5.9

flexion / extension (x) 0.93 0.68 0.85 - 6.9 -
abduction / adduction(y) 0.88 0.94 0.90 1.09 6.7 5.8

shoulder

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

hip

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

joint movement direction

MARKERLESS

r a1 SD (°)

shoulder

ankle

joint movement direction

MARKERLESS

r a1 SD (°)

Table 6.3.10: Joint movements within the serve motion meeting the first requirement of r ≥
0.80, at least for one body side, with their corresponding values of a1 and SDdiff for markerless
tracked joint angle data.

Only for the elbow joint movements of both body sides, high tracking accuracy was gained
for the hybrid tracking (cf. table 6.3.11). All other joint movement data of the upper
trunk and upper limb produced by hybrid tracking doesn’t meet the requirements of high
tracking accuracy compared to marker-based tracking.

left right left right left right
flexion / extension (x) -0.04 0.96 - 0.98 - 10.5
abduction / adduction(y) 0.93 0.98 0.88 0.76 8.2 8.1
internal / external rot. (z) 0.17 0.96 - 0.91 - 12.0

elbow flexion / extension (x) 0.99 0.98 0.99 0.93 5.3 5.5

FH

left right left right left right
flexion / extension (x) 1.00 0.87 1.06 0.84 4.1 11.3
abduction / adduction(y) 0.96 0.95 0.84 0.65 7.9 6.6
internal / external rot. (z) 0.92 0.80 0.75 0.78 10.1 17.6

elbow flexion / extension (x) 0.99 0.98 0.95 0.90 4.4 3.9

SV

left right left right left right
flexion / extension (x) -0.25 0.97 - 0.99 - 13.0
abduction / adduction(y) 0.95 0.99 0.82 0.83 6.3 5.7
internal / external rot. (z) -0.10 0.98 - 0.88 - 10.2

elbow flexion / extension (x) 0.99 0.99 1.01 0.97 3.4 5.5

BH1

left right left right left right
flexion / extension (x) 0.99 0.99 1.11 1.06 5.7 4.6
abduction / adduction(y) 0.95 0.99 0.84 0.76 3.7 7.3
internal / external rot. (z) 0.95 0.99* 1.06 1.03 12.8 5.8

elbow flexion / extension (x) 1.00 0.96 0.91 0.91 4.6 5.2

BH2

left right left right left right
flexion / extension (x) 0.98 0.94 0.81 1.06 4.7 4.0
abduction / adduction(y) 0.96 0.99 0.64 0.62 5.4 5.5
internal / external rot. (z) 0.92 0.92* 0.74 0.96 5.2 5.4

elbow flexion / extension (x) 0.93 0.99 1.14 0.98 5.6 3.1
wrist pronation / supination (z) 0.12 0.82 - 2.85 - 13.9

joint movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

movement direction
HYBRID

r a1 SD (°)

shoulder

shoulder

shoulder

shoulder

shoulder

joint

joint

joint

joint

Table 6.3.11: Joint movements of the upper limb within the serve meeting the first requirement
of r ≥ 0.80, at least for one body side, with their corresponding values of a1 and SDdiff for
hybrid tracked joint angle data.

6.3.5 Summary

To conclude, table 6.3.12 gives an overview of all results concerning the evaluation of
markerless tracking accuracy compared to marker-based tracking with regard to joint
angle data. All joint movements reaching a high level of accuracy for markerless tracking
within the several stroke types as well as for the overall consideration obtain two plus
signs (++) in table 6.3.12. Figure 6.3.2 (left) represents an exemplary scatter plot of
joint angle data reaching a high level of tracking accuracy. Those joint movements within
this highest rated group that show a constant offset (Mdiff > 10◦) are marked with a
* (examplary cf. figure 6.3.2 right). One plus sign (+) is granted for joint movements
directions that resulted in a very strong correlation and a SDdiff ≤ 10◦. For this group of
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movements, only the gradient of the polynomial fitting function lies outside the accepted
range.

Figure 6.3.2: Example for joint angle data showing a high level of tracking accuracy (left) and
with a constant offset (Mdiff > 10◦).
G. Results JAng overview

G.1 markerless

left right left right left right left right left right

plantar / dorsal flexion (x) ++ + + ++* ++ + ++ - - + - -

pronation / supination (y) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (z) + - - - - - - - - - - - - - - - - - -

knee flexion / extension (x) + ++ + ++ ++ ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (y) - - - - - - - - - - + - - - - - - - -

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) - - - - ++ + - - - - - - - -

abduction / adduction(y) + + - - ++ ++ ++ + ++ + ++

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

elbow flexion / extension (x) - - + - - - - - - ++ - - - - -

flexion / extension (x) - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - - -

G.2 hybrid

left right left right left right left right left right

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) ++ - + ++ + ++ - - - - - -

abduction / adduction(y) + + + + + + + + + +

internal / external rot. (z) - - - ++* + ++* - - - - - -

elbow flexion / extension (x) ++ ++ ++ ++ + ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - -

BH2 SV overall
MARKERLESS

HYBRID
FH BH1 BH2 SV overall

- -

- - - - - - - - - -

ankle

hip

upper trunk

- - - - - - - - - -

- -

joint movement direction FH BH1

shoulder

wrist

joint movement direction

- - - - - -

upper trunk

- - - - - - - - - -

- -

shoulder

wrist

- - - - - - - -

- - - - - - - - - -

Table 6.3.12: Overview of the results gained for JAng accuracy of markerless tracking and
clustered into four groups: ++: JAng data fulfill all requirements for high tracking accuracy; +:
r ≥ 0.8, SDdiff ≤ 10◦, a1 /∈ [0.9; 1.1]; -: r ≥ 0.8; - -: r < 0.8. * means that a noticeable offset
was found.

The third group of tracking results, marked with one minus sign (-), includes all joint
movements that reached a very strong correlation between the markerless and marker-
based data combined with gradient a1 close to 1 but with a SDdiff > 10◦ (example cf.
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figure 6.3.3 left). All other movement directions of the considered joints are grouped with
two minus (–), which means, that these don’t meet any of the requirements mentioned in
the statistical method (example cf. figure 6.3.3 right).

Figure 6.3.3: Exemplary scatter plots of joint angle data for the results class (-) on the left
and the result class (- -) on the right.

To conlcude, besides the high tracking accuracy of the knee flexion/extension and the right
shoulder abduction/adduction, no consistent results were observed for the evaluation of
markerless tracking concerning the shoulder joint movements as well as for the elbow joint
movements between the four different strokes. The plantar/dorsal flexion of the right ankle
joint within the serve motion represents a negative outlier compared to the results of the
groundstrokes. For all other joint movements, markerless tracking doesn’t result in joint
angle data which are comparable to the same data based on tracking reflective markers.

G. Results JAng overview

G.1 markerless

left right left right left right left right left right

plantar / dorsal flexion (x) ++ + + ++* ++ + ++ - - + - -

pronation / supination (y) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (z) + - - - - - - - - - - - - - - - - - -

knee flexion / extension (x) + ++ + ++ ++ ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (y) - - - - - - - - - - + - - - - - - - -

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) - - - - ++ + - - - - - - - -

abduction / adduction(y) + + - - ++ ++ ++ + ++ + ++

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

elbow flexion / extension (x) - - + - - - - - - ++ - - - - -

flexion / extension (x) - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - - -

G.2 hybrid

left right left right left right left right left right

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) ++ - + ++ + ++ - - - - - -

abduction / adduction(y) + + + + + + + + + +

internal / external rot. (z) - - - ++* + ++* - - - - - -

elbow flexion / extension (x) ++ ++ ++ ++ + ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - -

BH2 SV overall
MARKERLESS

HYBRID
FH BH1 BH2 SV overall

- -

- - - - - - - - - -

ankle

hip

upper trunk

- - - - - - - - - -

- -

joint movement direction FH BH1

shoulder

wrist

joint movement direction

- - - - - -

upper trunk

- - - - - - - - - -

- -

shoulder

wrist

- - - - - - - -

- - - - - - - - - -

Table 6.3.13: Overview of the results gained for JAng accuracy of hybrid tracking and clustered
into four groups: ++: JAng data fulfill all requirements for high tracking accuracy; +: r ≥ 0.8,
SDdiff ≤ 10◦, a1 /∈ [0.9; 1.1]; -: r ≥ 0.8; - -: r < 0.8. * means that a noticeable offset was found.
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Figure 6.3.4: Accuracy improvement of hybrid joint angle tracking (right) compared to mark-
erless tracking (left) by the example of the right elbow joint.

The same kind of grouping is done for the results of hybrid tracking (cf. table 6.3.13).
Hybrid tracking, applied for the upper trunk and upper limb, improves the tracking
accuracy for the elbow joint movements compared to markerless tracking. figure 6.3.4
represents this improvement of tracking accuracy of hybrid tracking (right) compared to
markerless tracking (left) by the example of the right elbow flexion/extension. No changes
due to tracking accuracy was found for the upper trunk and the wrist joints. With a view
to the backhand strokes, hybrid tracking improves the upper arm rotation around the
longitudinal axis. Especially the internal/external rotation of the right shoulder joint
showed high tracking accuracy of hybrid tracking compared to marker-based tracking.

Page 57



Chapter 7 Discussion

7 Discussion

Based on the results presented in the previous chapter, factors that contribute to differ-
ences between markerless respectively hybrid tracking and marker-based tracking data
will be assigned to error clusters (tracking problems and accuracy deviations due to the
used body model) in the subsequent sections. After that, the possibilities that hybrid
tracking can reduce some of these problems will be presented followed by a critical reflec-
tion of the work, especially concerning the method. Finally, the relevance of the results
concerning an application of markerless resp. hybrid tracking in tennis training and/or
competition will be presented and discussed to determine a possible application area for
the presented tracking technologies.

7.1 Error analysis
This section deals with an error classification regarding the kinematical parameter which
did not reach a high level of tracking accuracy for markerless and hybrid tracking compared
to marker-based tracking (cf. chapter 6). In addition to the previously presented results
of the relevant kinematic parameters, a visual inspection as well as the time course of
the respective kinematic parameter is used for this grouping. For this visual monitoring,
the Simi Motion software offers two different display options based on the results of a
calculated inverse kinematics.

(a) skeleton model with the segmental coordi-
nate systems (light axes: markerless resp. hy-
brid)

(b) stick model based on joint centers and their
connections (blue: marker-based, orange: mark-
erless

Figure 7.1.1: Skeleton model (a) and stick model (b) for visual inspection of deviations in
segment orientations and joint center locations.
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First, a skeleton model with the segment coordinate system of each segment (cf. fig-
ure 7.1.1 a)) can be used to identify deviations in segmental rotation between the ref-
erence tracking method marker-based (dark axes colors) and the new tracking methods
(light axes color). The red axis is defined as the x-axis of each segment, green is used for
the y-axis and blue for the z-axis.

Concerning the colors used for the stick model as well as for the curve progression over time
of the selected parameters, blue represents the marker-based data, orange the marker-less
(cf. figure 7.1.1 b)) and green the hybrid data.

7.1.1 Problems of markerless tracking

In the following, categories of problems that occur for markerless tracking are presented.
Moreover, it is stated for which joint movements these problems especially occur.

1. Segments which are nearly rotationally symmetric

For segments such as the pelvis (rotationally symmetric around all three axes), the upper
arm, forearm, thigh and shank (rotationally symmetric round the z-axis) as well as the
foot (rotationally symmetric around the x-axis), the silhouette barely changes in case of
rotations around the mentioned segmental axes and, thus, these segment rotations cannot
be tracked with the markerless system due to the missing unique segment positions. In
this case, the ICP algorithm is not able to detect a unique minimum for the squared sum
of the distances between the point sets of the 3D silhouette and the body model.
Concerning the pelvis, figure 7.1.2 a) contains exemplary two close sequences within the
forehand stroke during the preparation phase, representing the aforementioned tracking
problem concerning pelvic rotation. The pelvis segment of the markerless skeleton, visu-
alized by the three segmental axes (light axes colors), clearly rotates around all three axes
within in this period of 0.093s. As an example, figure 7.1.2 b) clarifies consequences of
this instable tracking of the pelvis orientation to the upper trunk flexion/extension. The
red dashed lines represent the two points in time shown by the skeletons in figure 7.1.2 a).
The medial/lateral flexion as well as the upper trunk tilt also show this kind of missing
concordance for the joint angle progression between marker-based and markerless data.
The same problems can be found for the left and right hip joint movements. Figure 7.1.2
c) and d) contains an example of the angle progressions of flexion/extension for the left
and right hip, respectively. This problem occurs stroke type independent in all phases of
the four recorded tennis movements.
To conclude, the low tracking accuracy of markerless tracking of the hip joint and torso
movement (cf. table 6.3.12) is due to the inability of the silhouette-based tracking of the
pelvis. The abrupt changes of the pelvis orientation is based on the non-unique minimum
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of correspondences within the ICP algorithm.
The fact that the subject didn’t wear skintight shorts supports the difficulties in tracking
the real pelvis movement solely with the markerless tracking method.

(a) pelvis orientation of two close points
in time

(b) upper trunk flexion/extension

(c) flexion/extension of the left hip (d) flexion/extension of the right hip

Figure 7.1.2: Effects of incorrect pelvis tracking based on markers on the joint angles of the
upper trunk (x) as well as on the right and left hip (x). The two red dashed lines represent the
close points in time represented by the two skeleton models.

(a) thigh and shank orientation of two
close points in time

(b) left knee flexion/extension

Figure 7.1.3: Effects of incorrect pelvis tracking based on markers on the thigh orientation
and, thus, on the knee joint angles (x). The two red dashed lines represent the close points in
time represented by the two skeleton models.
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This inaccurate tracking of the pelvis influences the segmental orientation of the thigh
due to its articulated connection with the pelvis. This is especially true for rotation
around the z-axis of the pelvis changes the thigh orientation as provided in figure 7.1.3
a). Changes in thigh orientation and a stable orientation tracking of the shank (almost
parallel z-axes of markerless and marker-based tracking) results in small deviations of the
knee angle accuracy (cf. red dashed lines in figure 7.1.3 b)). Due to the 1-dimensional
modeled knee joint only the orientation of the z-axes (blue axes) is relevant for the knee
joint flexion/extension calculation. The offsets between markerless tracked and marker-
based tracked segment orientations in frontal and transversal plane (red and green axes)
do not influence the knee flexion/extension angle accuracy because no internal/external
rotation as well as no abduction/adduction of the knee joint is possible within this body
model.

With a view to the upper extremities, the problem of roughly cylindrical arm shape occurs
if the elbow joint is almost straight (approx. ≤ 25◦).

Figure 7.1.4: Upper arm orientation of two close points in time based on markerless (light
axes) resp. marker tracking. The markerless tracked upper arm rotates almost 180◦ around the
segmental z-axis within this period.

In this pose, the silhouette of the arm barely changes during a rotation around the z-axis
of the upper arm. Figure 7.1.4 contains the segment coordinate system of the upper arm
of two consecutive body positions within 0.069s during the follow-through phase of the
BH2. The light axes present a sudden rotation around the z-axis of the markerless tracked
upper arm of approx. 180◦. Based on the body model of Simi Shape and its one rotational
degree of freedom for the elbow joint, an independent rotation around the z-axis of the
upper arm or forearm is not possible due to their linkage within the kinetic chain.
The sector within the red dashed lines in figure 7.1.5 a) and b) selects the period in which
the left arm is almost extended during the forehand stroke. The large changes of the
internal/external rotation of the left shoulder joint within in this period illustrates the
problem of the rotationally symmetric arm model tracking an almost straight arm.
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Furthermore, figure 7.1.5 a) stands as an example for another problem based on the
rotationally symmetric segments of the upper limb. During the phases of almost fully
extended elbow joint (=straight arm), subsequent flexions of the elbow can be tracked as
a hyperextension due to the rotated upper arm and forearm segments of approx. 180◦.
The course of the elbow joint angle in x-direction seems to be right but mirrored along the
x-axis (from the second red dashed line on) complying with a hyperextension (incorrect
sign of the values).

(a) left elbow flexion/extension (b) left shoulder internal/external rot.

Figure 7.1.5: Effects of incorrect tracking of the upper arm internal/external rotation based
on silhouettes due to an almost extended elbow joint (period within the red dashed lines) and
followed by a hyperextension.

Although the left arm within the serve motion is almost straight until the end of the
loading stage (two thirds of the total movement time), the left elbow shows high tracking
accuracy of markerless tracking. Thus, the problem of elbow hyperextension following a
(nearly) straight arm appears to be more or less random.

The problem of nearly rotationally symmetric segments of the upper limb constitutes
the major reason for the weak results of markerless tracking accuracy concerning shoul-
der internal/external rotation and the elbow flexion/extension movement among all four
strokes. Sheets et al. [82] also worked out that the joint angles of the shoulder and elbow
joints were affected by the previously described problem during markerless tracking of
serve motions in tennis. The influence of this limitation of markerless tracking to the
identification of shoulder joint movements in x- and y-direction cannot be clearly associ-
ated due to the presentation of local joint rotation in the x-y’-z” Euler angle convention.

Concerning the weak tracking accuracy of markerless tracking for the ankle pronation/-
supination as well as the abduction/adduction, the same problem can be made responsible,
among the used body model (cf. chapter 7.1.2), for the poor tracking accuracy.

2. Segments are covered by other segments (superimposition of indexing silhouettes)
The problem that segments can be covered by other body parts means from and silhouette-
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based tracking point of view that the silhouette of one body part lies within the silhouette
of another body part. Thus, due to this superimposition an unambiguous assignment of
the silhouette information to the relevant segment is not possible, implying that informa-
tion of the 3D silhouette is missing to fit all parts of the body model in the silhouette
(ICP algorithm). This occurs especially for the arms and during their movements close to
the body. Figure 7.1.6 displays all eight camera views during the two-handed backhand
stroke 0.032s before impact. Regarding the left arm, it can be clearly identified only in
the last camera. Silhouettes out of all other cameras are superimpositions of both arms
(camera 4, 6 and 7) or of the left arm and the trunk (camera 1, 2, 3 and 5).

Figure 7.1.6: Example of segment superimposition regarding the upper limb during the two-
handed backhand. The left arm can not be clearly identified in the first seven camera perspec-
tives.

Based on that, a lack of unique information concerning the silhouette of both arms occurs.
This can lead to random movements of the upper limb without any concordance to the
real body movement of the subject. Figure 7.1.7 a) shows the unnatural and false pose
of the left arm of the body model in Simi Shape, figure 7.1.7 b) illustrates the same pose
differences between markerless tracking data (orange) and marker-based tracking data
(blue) of the JC.
This kind of random upper limb positioning of the body model due to superimposition of
the silhouette of several segments occurs especially for both arms during the two different
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backhand strokes (during the whole preparation and acceleration phase) as well as for
the non-dominant arm during the serve (from acceleration phase up to the end of follow-
through).

(a) body model in Simi Shape (b) skeleton model with JC based on marker (blue)
resp. silhouette (orange)

Figure 7.1.7: Random movement of the left upper limb of the body model in Simi Shape due
to missing information about the silhouettes in consequence of superimposition of the arm the
upper trunk segments.

It can be expected that this tracking problem influences the tracking accuracy of the
joint angles of the upper limb, however, a direct correlation to single joint angle errors
as shown for the elbow hyperextension for example, cannot be worked out. For sure, the
duration of superimposition plays a major role concerning the results of tracking accuracy
evaluation. As Sheet et al. [82] mentioned in his study, at least one camera perspective
over the athlete recording from upside down could partly solve this problem. Within this
camera view, no other body part can cover (in front or behind) the silhouette of the left
and right arm.

The problem of covered segments inhibiting a unique silhouette of the involved segment
also occurs within the cocking stage during the preparation phase of the serve, if it is
played with a foot-up leg drive (cf. chapter 2.1). Figure 7.1.8 a) illustrates a kind of
segmental fusion at which the body model cannot separate the left and right shank and,
thus, the left ankle joint center is identified by markerless tracking within the right one.
The same problem occurs for the right and left foot in this situation. From a sagittal
point of view, the skeleton model in figure 7.1.8 b) represents a random flexion/extension
movement of the right ankle joint due to the impossible separation of the left and right foot
thinking in silhouettes. This false segment orientation of the right foot is the main reason
for the striking weak results of ankle flexion/extension markerless tracking compared to
the ankle joint movements in x-direction of the other body side and for both body sides
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during the groundstrokes.

(a) shift of the left ankle JC (b) random rotation of the markerless tracked
right foot around the y-axis

Figure 7.1.8: Superimposition of the left and right shank resp. foot resulted in JC shifts and
random segmental roations of the foot due to non-unique silhouettes of each segment.

Summarizing the above, it can be said that both presented problems of markerless tracking
based on silhouettes occur due to a lack of segmental orientation or body contour infor-
mation. The former problem cannot be solved by changing the camera setup (camera
position, resolution, light, etc.) and, thus, additional sources of information are necessary
to provide unique segmental orientation data. For this, certain markers (cf. chapter 7.1.3)
or inertial measurement units (IMU) can be used hybrid with the silhouette-based tracking
for better tracking accuracy of joint angles.

7.1.2 Problems of the used body model

Besides the above mentioned problems of silhouette-based tracking, the partly weak results
of markerless joint angle tracking compared to marker-based tracking can be traced in
part to the used body model in Simi Shape and, thus, deal with problems independent of
the presented silhouette-based tracking technology.

1. Rigid body model

As mentioned in chapter 3.2 and 5.3, the body model in Simi Shape depicts, as each
model used for motion analysis, some kind of simplification of the reality. Therefore, the
knee and shoulder joints are modeled as hinge joint with one rotational degree of freedom.
Joint movements of these two joints in the frontal and transversal plane cannot be carried
out and, consequently cannot be measured with this model. Furthermore, the body model
of Simi Shape responds to a human forearm pronation/supination with a rotation of the
hand segment around its z-axis. This transmitted rotation of the forearm to the wrist
joint results in different segment orientations of the forearm (x- and y-axis) between the
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markerless and marker-based model and, thus, in different wrist joint angles. Due to
the aligned z-axis between the two tracking methods, this problem doesn’t influence the
markerless tracked elbow joint angles.

Another major simplification of the body model concerning the joint modeling deals with
the shoulder joint. Within the used Simi Shape 2.2.0, all joints except the knee and elbow
joint, are modeled as usual ball joints with three rotational degrees of freedom. Looking
in more detail at the range of motion of the human shoulder joint, the joint center can
be shifted in the frontal (figure 7.1.9 b)) and transversal plane (figure 7.1.9 c)) due to the
attached clavicle and its articulated connection to the sternum (sternoclavicular joint)
as displayed in figure 7.1.9 a) [81]. The mobility of the clavicle enables a movement of
each shoulder joint relatively to the upper trunk. Whereas, the shoulder joint centers of
the rigid body model are locally stable and, thus, their movement is connected to the
movement of the whole upper body. In general, upper trunk lateral flexion as well as
upper trunk tilt are almost always combined with a shift of the shoulder joint center
based on movements of the clavicle. These upper trunk motions appear frequently in
tennis power strokes (cf. chapter 2).

(a) clavicle motion in the
sagitall plane

(b) resulting motion of the
shoulder in the frontal plane

(c) resulting motion of the shoulder in the trans-
verse plane

Figure 7.1.9: Range of motion of the clavicle which is articulated connected to the sternum by
the sternoclavicular joint.

In the context of backhand strokes, the dominant shoulder joint center is shifted in poste-
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rior direction combined with an increasing upper trunk tilt during the preparation phase
and a decreasing tilt during the acceleration phase.

For example, within the BH1 the marker-based body model (blue) executes a vertical
shift of the left shoulder joint center of approx. 76mm compared to the markerless model
(orange) at the end of backswing (figure 7.1.10 a)). The shape model with its rigid trunk
can’t adapt exactly this pose. At the same point in time, as provided in figure 7.1.10 b),
the z-rotation of the upper trunk based on markerless data (red shoulder joint connec-
tion) is greater than the upper trunk tilt based on marker data (light blue shoulder joint
connection). This maximal deviation of shoulder alignment of approx. 25◦ occurs in all
groundstrokes at the end of backswing due to maximal torso tilt.

(a) vertical shoulder shift (b) shifted shoulder alignment

Figure 7.1.10: Deviations between markerless and marker-based upper trunk movements due
to the the rigid body model in Simi Shape (orange) and the non-modelled sternoclaivular joint.

These shifts of the shoulder joint centers result in a tilted z-axis of markerless upper arm
coordinate system (light blue) due to the lower joint center position combined with equally
detected elbow joint center locations of both tracking methods and, thus, influence the
calculation of shoulder joint angles in all three direction based on markerless tracking.
The vertical travel of the human shoulder joint center (compare to figure 7.1.9) also
occurs close to impact within the serve motion. The lateral flexion of the torso to the
non-dominant body side and the aim to hit the ball as high as possible lead to this shift.

Conditional accordance of the shoulder alignment between markerless and marker-based
data is also affected by the model property “rigid”. The upper trunk rotations in all three
body planes are modeled by a rotation of the whole rigid torso relative to the pelvis. The
natural curvature of the spine can only be reproduced partially by the body model in
Simi Shape. Thus, the adaption of the markerless body model is kind of best approach to
reproduce the natural bend of the upper trunk through the rigid torso of the mode. This
leads to an “under- or overrotation” concerning the upper trunk rotations in most cases.
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In this context, it is import to keep in mind that the offsets and deviations of markerless
tracking data are compared to the tracking data of marker-based tracking. Due to known
errors of marker tracking, one cannot define which tracking method is closer to the real
human movement. However, rigid segments with articulated connections are a limitation
of the body model in Simi Shape trying to reproduce as exact as possible the recorded
human movement.

2. Missing racquet model

Due to the basic principle of silhouette-based tracking, all moving elements close to the
subject’s body segments are assigned to a part of the rigid body model in Simi Shape and,
thus, the racquet with its face and handle as well. This leads to two different problems
concerning the left and right hand orientation as well as the corresponding wrist joint
angle. First, due to the relative large area of the racquet face, its silhouette supports the
problem of superimposition of silhouettes (cf. chapter 7.1.1) by covering the left arm from
a posterior and lateral point of view.

Figure 7.1.11: The right hand orientation based on markerless tracking is aligned to the racquet
shaft (light blue axis parallel to the shaft) due the impossible separation of hand and racquet
silhouettes.

And second, the silhouette of the hand and the racquet handle form one big silhouette
without any possibility to separate it. This results, on the one hand, in hand orientations
aligned to the handle. The light blue z-axis of the right hand segment in figure 7.1.11 is
almost parallel to the black racquet handle at impact within the forehand stroke, whereas,
the marker-based hand shows a typical large extension close to impact. This problem oc-
curs stroke independently among all recorded stroke type.

On the other hand, due to the impossible separation of hand and the sporting equipment,
a random movement of the hand along the racquet handle occurs for the right hand dur-
ing all strokes as well as for the non-dominant hand during the backhand strokes. In
figure 7.1.12, a clear shift of the left and right wrist joint center of the silhouette-based
stick model into the racquet can be seen.
This missing racquet model within the Simi Shape body model seems to be the main rea-
son for inaccuracy of wrist joint angles based on markerless and hybrid tracking compared
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to the marker-based wrist joint angle data.

Figure 7.1.12: Hand segments based on markerless tracking (orange) shifted into the racquet
shaft (represented by the wrist joint centers) due the impossible separation of hand and racquet
silhouettes.

3. Differences in angle definition range

The weak tracking accuracy of markerless as well as of hybrid tracking for the flexion/ex-
tension of the left upper arm (cf. table 6.3.12) is based on a different joint angle range
definition of this movement between marker-based body model in Simi Motion and the
body model used in Simi Shape and not due to false tracking.

Figure 7.1.13: Shoulder joint flexion/extension range of the Simi Shape body model (orange/-
green) compared to the marker-based body model. The jump discontinuity represents an angle
range limitation of [−180◦; 180◦] for the markerless (orange) and hybrid (green) body model.

Figure 7.1.13 contains joint angle progression in the sagittal plane for all three tracking
methods. The body model in Simi Shape seems to allow online angles within the interval
from −180◦ up to 180◦. Angle values greater than 180◦ lead to a jump discontinuity
marked by the red dashed line.
Considering the markerless and hybrid joint angle data without this angle range limitation,
the statistical analysis resulted in a high level of tracking accuracy for markerless tracking
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as well as for hybrid tracking. The same problem occured for the internal/external rotation
of the same joint. The following tables provide the corrected overall results (marked with
a 1)) of joint angle tracking accuracy for markerless tracking (cf. table 7.1.1) and hybrid
tracking(cf. table 7.1.2).G.3 markerless corrected

left right left right left right left right left right

plantar / dorsal flexion (x) ++ + + ++* ++ + ++ - - + - -

pronation / supination (y) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (z) + - - - - - - - - - - - - - - - - - -

knee flexion / extension (x) + ++ + ++ ++ ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (y) - - - - - - - - - - + - - - - - - - -

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) - - - - ++ + - - ++1) - + -

abduction / adduction(y) + + - - ++ ++ ++ + ++ + ++

internal / external rot. (z) - - - - - - - - - - - - - -1) - - - - - -

elbow flexion / extension (x) - - + - - - - - - ++ - - - - -

flexion / extension (x) - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - - -

G.4 hybrid corrected

left right left right left right left right left right

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) ++ - + ++ + ++ ++1) - ++ -

abduction / adduction(y) + + + + + + + + + +

internal / external rot. (z) - - - ++* + ++* -1) - - -

elbow flexion / extension (x) ++ ++ ++ ++ + ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - -

ankle

hip

upper trunk

- - - - - - - -

- - - -

MARKERLESS
FH BH1 BH2 SV overall

shoulder

- -

- - - - - - - - - -

wrist

joint movement direction

- - - - - -

HYBRID
FH BH1 BH2 SV overall

shoulder

wrist

joint movement direction

- - - - - -

- - - - - - - - - -

upper trunk

- - - - - - - - - -

- - - -

Table 7.1.1: Overview of the corrected results gained for JAng accuracy of markerless tracking
and clustered into four groups: ++: JAng data fulfill all requirements for high tracking accuracy;
+: r ≥ 0.8, SDdiff ≤ 10◦, a1 /∈ [0.9; 1.1]; -: r ≥ 0.8; - -: r < 0.8 (*: a noticeable offset was
found; 1): corrected results due angle range defintion).

G.3 markerless corrected

left right left right left right left right left right

plantar / dorsal flexion (x) ++ + + ++* ++ + ++ - - + - -

pronation / supination (y) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (z) + - - - - - - - - - - - - - - - - - -

knee flexion / extension (x) + ++ + ++ ++ ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (y) - - - - - - - - - - + - - - - - - - -

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) - - - - ++ + - - ++1) - + -

abduction / adduction(y) + + - - ++ ++ ++ + ++ + ++

internal / external rot. (z) - - - - - - - - - - - - - -1) - - - - - -

elbow flexion / extension (x) - - + - - - - - - ++ - - - - -

flexion / extension (x) - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - - -

G.4 hybrid corrected

left right left right left right left right left right

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) ++ - + ++ + ++ ++1) - ++ -

abduction / adduction(y) + + + + + + + + + +

internal / external rot. (z) - - - ++* + ++* -1) - - -

elbow flexion / extension (x) ++ ++ ++ ++ + ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - -

ankle

hip

upper trunk

- - - - - - - -

- - - -

MARKERLESS
FH BH1 BH2 SV overall

shoulder

- -

- - - - - - - - - -

wrist

joint movement direction

- - - - - -

HYBRID
FH BH1 BH2 SV overall

shoulder

wrist

joint movement direction

- - - - - -

- - - - - - - - - -

upper trunk

- - - - - - - - - -

- - - -

Table 7.1.2: Overview of the corrected results gained for JAng accuracy of hybrid tracking and
clustered into four groups: ++: JAng data fulfill all requirements for high tracking accuracy; +:
r ≥ 0.8, SDdiff ≤ 10◦, a1 /∈ [0.9; 1.1]; -: r ≥ 0.8; - -: r < 0.8 (*: a noticeable offset was found;
1): corrected results due angle range defintion).

7.1.3 Solutions: hybrid tracking and joint constraints

The results of the evaluation of tracking accuracy (table 7.1.1 and 7.1.2) show that hy-
brid tracking improves the accuracy of joint angles of the shoulder and elbow joint over
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all stroke type, whereas hybrid tracking based on the chosen marker set (blue dots in
figure 5.1.2) does not deliver high tracking accuracy results for the rotational movements
of the upper trunk and the wrist. Concerning the upper trunk, the problem of instable
pelvis tracking still exists due the fact that no marker was attached to the pelvis in order
to avoid the problem of a nearly rotationally symmetric segment shape and the resulting
random changes to the orientation.

(a) left shoulder internal/external rot. (b) left elbow flexion/extension

Figure 7.1.14: Improvement of hybrid tracking (green) compared to markerless tracking (or-
ange). Neither elbow hyperextension nor random rotations around the longitudinal axis of the
upper arm were obtained from hybrid tracking.

The green curve progression compared to the orange one in figure 7.1.14 a) represents the
effect of one attached marker to the almost rotationally symmetric upper arm segment
by the example of the left shoulder joint during the forehand stroke. Random rotations
around the z-axis of the arm didn’t occur any longer. Furthermore, the problem of elbow
joint hyperextension was solved by using additional marker information (cf. figure 7.1.14
b)).

(a) random arm motion due to superimposition (b) hand shift into the racquet shaft

Figure 7.1.15: Improvement of hybrid tracking (green) compared to markerless tracking (or-
ange) due to missing silhouette information or shifting of the hand into the racquet shaft.
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With regard to the second problem of markerless tracking, the superimposition of seg-
ments from the perspective of almost each camera, figure 7.1.15 a) demonstrates that the
additional information of several markers stabilized the tracking and, thus, no random
movements of the arms occured (green stick model of the left upper limb).
Moreover, the problem of impossible separation of the silhouettes of the hands and the
racquet due to a missing racquet model within the used version of Simi Shape was solved
as well by using marker information in addition to the silhouette-based tracking. As dis-
played in figure 7.1.15 b), the hand segments based on hybrid tracking (green), represented
by their wrist joint centers, didn’t slide into the racquet compared to the markerless track-
ing wrist joint centers (orange). Thus, the elbow joint center location is more accurate
within hybrid tracking compared to pure silhouette-based tracking which corresponds to
the presented results of decreased SDdiff for all JC and SegCOG of the upper limb.

Besides the improvement of accuracy through hybrid tracking, also alternative solutions
to solve the problems concerning pure silhouette-based tracking should be considered.
In this context, joint angle constraints implemented into the body model could improve
markerless tracking. Hyperextension movementes as well as the random changes of the
pelvis orientation could be prevented by these constraints. Corazza et al. [17] stated the
same possible solution to prevent non allowed body poses, especially to limit rotations
about the segment’s longitudinal axis. Thus, movements of the hip, upper trunk, shoul-
der and elbow joints could be tracked markerless within an acceptable range in order to
enable similar angle progressions over time.

The remaining deviation of hybrid tracking data compared to the marker-based data and,
thus, the reason for the improved but not adequate accuracy results cannot be clearly
established. In combination with the known problems of marker-based tracking, it can-
not be said if the hybrid/markerless results, showing similar progression over time, or the
marker-based results are closer to the real human movement.

7.2 Critical reflection of the work
Based on the results and discussion so far, this chapter deals with restrictions and possible
errors due to the chosen setup and statistical method within in this work.

Concerning the setup, the camera positioning could be optimized by using an overhead
camera to reduce the problem of segment superimposition. Furthermore, the image format
of each camera should be adapted better to the measuring volume to improve the camera
calibration and, especially, to improve the distortion correction. The used quadratic for-
mat of the anterior and posterior located cameras covered parts of ceiling which could not
be covered within the wand calibration procedure and, thus, no marker information for
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the calculation of distortion correction was supplied. These cameras should record with
a format like 16 : 9 as known from screens. A better adaption of the camera format to
the measuring volume also results in larger image of the subject relative to image surface
and, thus, to a more detailed resolution of the objects silhouette.
Using one and the same record for both tracking problems means dealing with a trade-off
between reduced brightness in order to improve the contrast of the light reflecting markers
and the rest of the image [82] and the need of an increased brightness to improve the color
quality and the image sharpness.
Another issue refers to the interpretation of the results. The presented work uses, all
in all, 1640 data points to evaluate the accuracy of markerless and hybrid tracking data
compared to marker-based tracking data. This number of data points is enough to give
evidence about general accuracy concerning the mentioned kinematical parameters. But
for specific statements concerning the different stroke type or certain motion patterns, one
trial per stroke type is not enough the reach significant evidence regarding a more detailed
approach. More trials would also enable to decide which tracking deviations occur more
or less randomly and which ones occur systematically.

The presented visual inspection of segmental orientation based on the skeleton model com-
bined with the pictured segmental coordinate axes (cf. figure 7.1.1) should be quantified
by a statistical comparison of global segmental rotations between the tracking methods.
Therefore, Euler angles describing the global rotations should be used to identify the
source of inaccurate joint angle tracking. The mentioned axis-angle representation (cf.
chapter 4.2) of segment rotations doesn’t allow an assignment of orientation deviations
to the global directions in space and, thus, cannot be used to explain deviations of joint
angles divided into the three body planes by rotation deviations of the tracked segments
building the respective joint.

A look at table 7.2.1 clarifies that the body model in Simi Shape shows deviations con-
cerning the segment lengths. Except the shanks, all segments of the markerless and hybrid
body model were too short, especially for the left body side.

le ri le ri le ri le ri
marker-based 295 285 335 331 542 526 463 469

markerless 277 277 312 312 498 498 483 483
difference -18 -8 -23 -19 -44 -27 20 14

Mean length of segments

forearm upper arm thigh shank

Table 7.2.1: Comparison of the segment lengths of the upper and lower limb between the mark-
erless resp. hybrid tracking data and the marker-based tracking data as well as their differences.
Except the shank, all segments of the body model in Simi Shape were adapted too short.

Page 73



Chapter 7 Discussion

In view of further investigations, a first check of the model initialization should be the
first step of the analyzing procedure to enable a correction before the tracking of move-
ments and, thus, to eliminate this disturbance variable. Furthermore, a possibility within
Simi Shape to enter the segment lengths, or better, to implement body scan data would
facilitate the adaption of the body model to the subject.

With a view to the results of JC and SegCOG, it will be enough to focus on one of them
due to their fixed position at each segment. Thus, deviations of the joint center positions
result in deviations of the segment center of gravity positions. In the context of kinemat-
ics, the JC are more interesting kinematical parameter for motion analysis. The location
of the segment centers of mass is more relevant for approaches dealing with the calculation
of inverse dynamics (including external forces and calculations of joint moments).

And finally, one of the most critical aspects, and still mentioned in the introductory part
of this thesis, constitutes the chosen reference method to evaluate markerless tracking.
The utilization of skin attached marker for motion analysis implies several sources of er-
rors, such as the soft tissue artifact and marker misplacement – to name the main ones.
That’s why the usage of marker-based tracking as a reference or a “gold standard” to eval-
uate another tracking method for motion analysis is questionnable. Gordon and Dapena
[38] stated that “skin-attached markers could not be used to calculate accurate upper
arm twist orientations due to skin movement”. Thus, the statement consolidates that it
cannot be said which joint angle data represent the real human movement if markerless
resp. hybrid tracking data and marker-based tracking show similar course characteristics
regardless the mentioned requirements of the statistical method concerning the SDdiff

and a1. In general, it is questionable if such clear-cut statistical method is appropriate
in connection with smooth human movements and the complexity of capturing the move-
ment of the underlying bones.
Furthermore, an identical body model should be used for a solely evaluation of markerless
tracking compared to marker-based tracking. As presented in chapter 7.1.2, some errors
can be assigned to model but a clear separation between an evaluation of the tracking
method and the used body model is not possible.

7.3 Relevance of the results for the application in tennis
The following chapter delimits the application possibilities of markerless tracking for ten-
nis training and/or competition.

Based on the very good results of detecting joint center and segment center of mass loca-
tions in space overall stroke types, a general pose evaluation at any point during the tennis
specific motions is possible with the silhouette-based tracking technology. Due to the cor-
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rectly tracked positions, velocities and accelerations, as the first resp. second derivation
of the position data, can be calculated correctly for both kinematical parameters. Thus,
the crucial question of stroke production based on a proximal-to-distal sequencing can be
answered by markerless tracking and the associated issue of coordination and timing of
partial body motions within a stroke. Figure 7.3.1 contains the SegCOG path velocities
of the upper limb segments during the serve motion based on markerless (figure 7.3.1 a))
and marker-based (figure 7.3.1 b)) tracking. The peak velocities of each segment as well
as their point in time of markerless tracking correspond to them based on markers.

(a) markerless tracking (b) marker-based tracking

Figure 7.3.1: SegCOG velocity of the upper arm segments during the serve motion. Timing
and peak velocities coincide between markerless and marker-based tracking data.

Besides this translational momentum transfer, a resultant rotational one can be deter-
mined as well by markerless tracking. As previously mentioned, the joint angle data
of markerless tracking divided into the three body planes are not continuously accurate
across all recorded strokes. But due to the exact tracking of the JC, resulting 3-points-
angles can be calculated exactly for each joint. The derivation of these 3-points-angles
delivers resultant angular velocities for each joint which constitute the main indicator
of rotational momentum. In addition, the high level of accuracy of markerless tracking
regarding the knee joint flexion/extension movement enables the evaluation of leg drive,
especially during the serve motion. Concerning the upper trunk rotations and the weak
accuracy results of upper trunk joint angle tracking based on silhouettes, the global seg-
mental rotation of this segment can be used to estimate the motion range in relation to
the global coordinate system (baseline). This approach doesn’t result in concrete joint
angles of the upper trunk relative to the pelvis but it allows the estimation of upper trunk
motion in all three direction and, thus, upper trunk rotation, as an important contributor
to racquet velocity, can be estimated. Consequently, the momentum transfer along the
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whole kinetic chain can be obtained. Summarizing, an overall evaluation of stroke pro-
duction is possible within training or competition based on resultant linear and angular
velocities of the segments. These 3-points-angles also can be used for more detailed pose
evaluation as mentioned before. In combination with a constraint to stabilize the orienta-
tion of the pelvis segment, hip and shoulder alignments as well as the resulting separation
angle can be integrated into an error or technique analysis done by coaches or scientists.
Concerning the racquet movement, the linear velocity of the dominant wrist joint center
as well as of the dominant hand segment center of mass enables an estimation of racquet
head velocities based on the measured racquet length and upper limb trajectory. A further
possibility to get information about the racquet velocity is given by tracking the ball. The
post-impact ball velocity, easily tracked with pattern tracking in Simi Motion, combined
with knowledge about the stringing tension enables the estimation of racquet velocity,
too. A more detailed approach of the racquet movement (racquet face orientation, exact
trajectory and velocities) requires four reflecting markers or one inertial measurement unit
(IMU) to generate exact data of the racquet motion.

To conclude, markerless tracking enables an easy and fast possibility to evaluate the
essential features concerning the stroke production of power strokes and an estimation of
racquet velocity. A differentiated consideration of joint angles and the resulting rotational
momentums divided into the three body planes is only of limited value. However, it is
questionable from an applied point of view if such a detailed approach is necessary for
coaches and their athletes.
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8 Summary and further investigations

Based on the special requirements for monitoring and analyzing athletes in their natural
surroundings (training or competition) from a biomechanical point of view, the usage of
reflective markers for kinematic approaches involves too many disadvantages, especially
that it is time-consuming and not workable in competition or daily training application.
Therefore, markerless video-based tracking is seen as a potential method for movement
analysis implemented in the athlete’s familiar surroundings. Since this technology is still
new for application in the fields of sports, markerless systems based on silhouette tracking
have to be evaluated for adequate accuracy to justify their prospective usage in movement
analysis. Due to the lack of existing evaluations of these systems, the aim of this study
was to evaluate the accuracy of markerless tracking compared to marker-based tracking
data. The results show that the JC and SegCOG can be tracked very accurately either
with markerless or with hybrid tracking. Joint angles concerning the three body planes
cannot be tracked accurately in general, however.
From an applied point of view, the presented results support the usage of this time saving
tracking technology – with certain restrictions. Based on the good accuracy results for
the JC as well as for SegCOG, all problems dealing with the body posture and move-
ments of several resp. all segments (including velocity and acceleration) can be answered
unrestrictedly. Based on the exactly tracked JC, 3 points angles can be calculated and
used for first assessments of joint movements including joint positions (angles) as well as
their velocities and accelerations. This translational and rotational information enables
to identify differences in timing concerning single motion patterns, and, furthermore, to
capture the momentum transfer of the entire movement. To gain additional informa-
tion about the exact joint angles, hybrid tracking based on additional marker or rotation
(IMU) information should be used. To conclude, markerless tracking enables to answer
most kinematic questions in tennis (and also in other sports) from an applied point of
view without disturbing the athlete in its motion or time. To get exact joint angle data,
additional sources of information should be used to balance the mentioned problems of
silhouette-based tracking. All in all, markerless and hybrid tracking was shown to be
appropriate for motion capture in tennis and other sports.

Nevertheless, some questions concerning markerless tracking remain and some arose based
on this work. First of all, the influence of different adapted model initializations should
be systematically analyzed to estimate the importance of the need to use anthropometric
data. In this context, a general intra- and inter-rater study should be undertaken to
clarify the influence of different users with regard to the model initialization as well as
the whole tracking procedure. Furthermore, the effect of different camera resolutions on
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the results as well as the mentioned camera position above the subject should be tested
in further investigations.
Another approach should be to implement rotational information based on IMUs into the
hybrid tracking process. This measured rotational information is not a result of several
calculations based on position data, but directly gained from a gyroscope which reacts to
rotations.

Given the mentioned disadvantages of marker-based tracking, its use as reference to eval-
uate markerless tracking accuracy should be challenged and examined in a further study.
This could be done by using a human-shaped robot for example. This set up enables
an exact comparison of the movement input (robot) and measured output (markersless
tracking). Tis possibility seems to be much more easier compared to validations of marker-
based tracking using bone pins or X-rays.

Page 78



REFERENCES

References

[1] G. D. Abrams, T. P. Harris Ah Fau Andriacchi, M. R. Andriacchi Tp Fau Safran, and
M. R. Safran. Biomechanical analysis of three tennis serve types using a markerless
system. (1473-0480 (Electronic)), 2014.

[2] G. D. Abrams, A. L. Sheets, T. P. Andriacchi, and M. R. Safran. Review of tennis
serve motion analysis and the biomechanics of three serve types with implications for
injury. Sports Biomechanics, 10(4):378–390, 2011.

[3] S. Akutagawa and T. Kojima. Trunk rotation torques through the hip joints dur-
ing the one-and two-handed backhand tennis strokes. Journal of sports sciences,
23(8):781–793, 2005.

[4] J. Bader. Validation of a dynamic calibration method for video supported movement
analysis. Thesis, 2011.

[5] R. Bahamonde. Biomechanics of the forehand stroke. ITF Coaching and Sports,
2001.

[6] B. J. Bailey and J. P. McGarrity. The effect of pressure on mixed-strategy play
in tennis: The effect of court surface on service decisions. International Journal of
Business and Social Science, 3(20), 2012.

[7] L. Becker. Evaluation of joint angle accuracy using markerless silhouette-based track-
ing and hybrid tracking against traditional marker tracking. Thesis, 2016.

[8] A. L. Bell, D. R. Pedersen, and R. A. Brand. A comparison of the accuracy of
several hip center location prediction methods. Journal of biomechanics, 23(6):617–
621, 1990.

[9] M. G. Benedetti, A. Cappozzo, F. Catani, and A. Leardini. Anatomical landmark
definition and identification. CAMARC II Internal Report, 1994.

[10] Blogger. Teniste gripler,avantajlari ve dezavantajlari.

[11] J. Bortz. Statistik: Für Human-und Sozialwissenschaftler. Springer-Verlag, 2006.

[12] A. Cappozzo, F. Catani, U. Della Croce, and A. Leardini. Position and orientation
in space of bones during movement: anatomical frame definition and determination.
Clinical biomechanics, 10(4):171–178, 1995.

[13] A. Cappozzo, U. Della Croce, A. Leardini, and L. Chiari. Human movement anal-
ysis using stereophotogrammetry: Part 1: theoretical background. Gait & posture,
21(2):186–196, 2005.

[14] E. Ceseracciu, Z. Sawacha, S. Fantozzi, M. Cortesi, G. Gatta, S. Corazza, and
C. Cobelli. Markerless analysis of front crawl swimming. Journal of Biomechan-
ics, 44(12):2236–2242, 2011.

Page 79



REFERENCES

[15] J. Chow, L. Carlton, Y.-T. Lim, W.-S. Chae, J.-H. Shim, A. Kuenster, and
K. Kokobun. Comparing the pre-and post-impact ball and racquet kinematics of
elite tennis players’ first and second serves: a preliminary study. Journal of sports
sciences, 21(7):529–537, 2003.

[16] S. Corazza, L. Mündermann, A. M. Chaudhari, T. Demattio, C. Cobelli, and T. P.
Andriacchi. A markerless motion capture system to study musculoskeletal biome-
chanics: Visual hull and simulated annealing approach. Annals of Biomedical Engi-
neering, 34(6):1019–1029, 2006.

[17] S. Corazza, L. Mündermann, E. Gambaretto, G. Ferrigno, and T. P. Andriacchi.
Markerless motion capture through visual hull, articulated icp and subject specific
model generation. International Journal of Computer Vision, 87(1):156–169, 2009.

[18] M. Crespo and M. Reid. Coaching beginner and intermediate tennis players. Londres
The International Tennis Federation, ITF Ltd, 2009.

[19] R. Cross. The kick serve in tennis. Sports Technology, 4(1-2):19–28, 2011.

[20] P. De Leva. Joint center longitudinal positions computed from a selected subset of
chandler’s data. Journal of biomechanics, 29(9):1231–1233, 1996.

[21] U. Della Croce, A. Cappozzo, and D. C. Kerrigan. Pelvis and lower limb anatomical
landmark calibration precision and its propagation to bone geometry and joint angles.
Medical and Biological Engineering and Computing, 37(2):155–161, 1999.

[22] U. Della Croce, A. Leardini, L. Chiari, and A. Cappozzo. Human movement analysis
using stereophotogrammetry: Part 4: assessment of anatomical landmark misplace-
ment and its effects on joint kinematics. Gait and Posture, 21(2):226–237, 2005.

[23] B. Elliott. Biomechanics and tennis. British Journal of Sports Medicine, 40(5):392–
396, 2006.

[24] B. Elliott and M. Christmass. A comparison of the high and low backspin backhand
drives in tennis using different grips. Journal of Sports Sciences, 13(2):141–151, 1995.

[25] B. Elliott, T. Marsh, and B. Blanksby. A three-dimensional cinematographic analysis
of the tennis serve. International Journal of Sport Biomechanics, 2(4):260–271, 1986.

[26] B. Elliott, T. Marsh, and P. Overheu. A biomechanical comparison of the multi-
segment and single unit topspin forehand drives in tennis. International Journal of
Sport Biomechanics, 5(3):350–364, 1989.

[27] B. Elliott, M. Reid, and M. C. Celda. Technique development in tennis stroke pro-
duction. International Tennis Federation, 2009.

[28] B. Elliott, K. Takahashi, and G. Noffal. The influence of grip position on upper
limb contributions to racket head velocity in a tennis forehand. Journal of Applied
Biomechanics, 13(2):182–196, 1997.

Page 80



REFERENCES

[29] B. C. Elliott, R. N. Marshall, and G. J. Noffal. Contributions of upper limb seg-
ment rotations during the power serve in tennis. Journal of Applied Biomechanics,
11(4):433–442, 1995.

[30] H.-C. Fanchiang, A. Finch, and G. Ariel. Effects of one and two handed tennis back-
hands hit with varied power levels on torso rotation. In ISBS-Conference Proceedings
Archive, volume 1, 2013.

[31] S. Fantozzi, R. Stagni, A. Cappello, M. Bicchierini, A. Leardini, and F. Catani. Skin
motion artefact characterization from 3d fluoroscopy and stereophotogrammetry. In
IV World Congress of Biomechanics, pages 4–9, 2002.

[32] J. Fernandez-Fernandez, V. Kinner, and A. Ferrauti. The physiological demands
of hitting and running in tennis on different surfaces. The Journal of Strength and
Conditioning Research, 24(12):3255–3264, 2010.

[33] G. Fleisig, R. Nicholls, B. Elliott, and R. Escamilla. Tennis: Kinematics used by
world class tennis players to produce high velocity serves. Sports Biomechanics,
2(1):51–64, 2003.

[34] J. Fuller, L.-J. Liu, M. Murphy, and R. Mann. A comparison of lower-extremity
skeletal kinematics measured using skin-and pin-mounted markers. Human movement
science, 16(2):219–242, 1997.

[35] C. Genevois, M. Reid, I. Rogowski, and M. Crespo. Performance factors related to
the different tennis backhand groundstrokes: a review. Journal of sports science &
medicine, 14(1):194, 2015.

[36] S. R. M. S. GmbH. Motion Benutzerhandbuch -Simi Motion version 9.1.1. Simi
Realtiy Motion Systems GmbH, Unterschleißheim, 9 2015.

[37] S. R. M. S. GmbH. User’s Manual Simi Shape Version 2.0.1. Simi Realtiy Motion
Systems GmbH, Unterschleißheim, 4 2015.

[38] B. J. Gordon and J. Dapena. Contributions of joint rotations to racquet speed in the
tennis serve. Journal of sports sciences, 24(1):31–49, 2006.

[39] E. Growney, D. Meglan, M. Johnson, T. Cahalan, and K.-N. An. Repeated measures
of adult normal walking using a video tracking system. Gait and Posture, 6(2):147–
162, 1997.

[40] Y. Hang and S. Peng. An epidemiologic study of upper extremity injury in tennis
players with a particular reference to tennis elbow. Taiwan yi xue hui za zhi. Journal
of the Formosan Medical Association, 83(3):307–316, 1984.

[41] W. B. Heard. Rigid body mechanics: mathematics, physics and applications. John
Wiley and Sons, 2008.

[42] J. Hunter and R. Ferdinand. A three dimensional marker system for motion analysis
system software., 2015.

Page 81



REFERENCES

[43] C. İbrahim, B. TURHAN, and O. Zeynep. The analysis of the last shots of the
top-level tennis players in open tennis tournaments. Turkish Journal of Sport and
Exercise, 15(1):54–57, 2013.

[44] D. A. James. The application of inertial sensors in elite sports monitoring, pages
289–294. Springer, 2006.

[45] K. Jänich. Lineare Algebra. Springer-Verlag, 2013.

[46] C. Johnson and M. McHugh. Performance demands of professional male tennis play-
ers. British journal of sports medicine, 40(8):696–699, 2006.

[47] D. Karlsson and A. Lundberg. Accuracy estimation of kinematic data derived from
bone anchored external markers. In Proceedings of the 3rd International Symposium
on, volume 3, pages 27–30, 1994.

[48] S. Kawasaki, S. Imai, H. Inaoka, T. Masuda, A. Ishida, A. Okawa, and K. Shinomiya.
The lower lumbar spine moment and the axial rotational motion of a body during
one-handed and double-handed backhand stroke in tennis. International journal of
sports medicine, 26(08):617–621, 2005.

[49] W. B. Kibler and A. Sciascia. Kinetic chain contributions to elbow function and
dysfunction in sports. Clinics in sports medicine, 23(4):545–552, 2004.

[50] H. Knörrer. Geometrie, volume 71. Springer-Verlag, 2013.

[51] D. Knudson. The tennis topspin forehand drive: Technique changes and critical
elements. Strategies, 5(1):19–22, 1991.

[52] D. Knudson and R. Bahamonde. Effect of endpoint conditions on position and ve-
locity near impact in tennis. Journal of Sports Sciences, 19(11):839–844, 2001.

[53] M. Kovacs and T. Ellenbecker. An 8-stage model for evaluating the tennis serve:
implications for performance enhancement and injury prevention. Sports Health,
3(6):504–513, 2011.

[54] M. Lafortune and M. Lake. Errors in 3d analysis of human movement. In Proceedings
of the International Symposium on 3-D Analysis of Human Movement, pages 55–56,
1991.

[55] J. R. Landis and G. G. Koch. The measurement of observer agreement for categorical
data. biometrics, pages 159–174, 1977.

[56] J. Landlinger, S. J. Lindinger, T. Stöggl, H. Wagner, and E. Müller. Kinematic
differences of elite and high-performance tennis players in the cross court and down
the line forehand. Sports Biomechanics, 9(4):280–295, 2010.

[57] A. Laurentini. The visual hull concept for silhouette-based image understanding.
IEEE Transactions on Pattern Analysis and Machine Intelligence, 16(2):150–162,
1994.

Page 82



REFERENCES

[58] A. Leardini, L. Chiari, U. D. Croce, and A. Cappozzo. Human movement analysis us-
ing stereophotogrammetry: Part 3: Soft tissue artifact assessment and compensation.
Gait and Posture, 21(2):212–225, 2005.

[59] M. Lyons, Y. Al Nakeeb, J. Hankey, and A. Nevill. The effect of moderate and high-
intensity fatigue on groundstroke accuracy in expert and non-expert tennis players.
Journal of Sports Medicine and Science, 12:298–308, 2013.

[60] P. M. McGinnis. Biomechanics of sport and exercise. Human Kinetics, 2013.

[61] J. Mester, Z. Yue, and H. Kleinoeder. Loading in tennis stroke production. volume 1,
2007.

[62] A. Morawiec. Orientations and rotations. Springer, 2003.

[63] M. Morris, F. W. Jobe, J. Perry, M. Pink, and B. S. Healy. Electromyographic
analysis of elbow function in tennis players. The American journal of sports medicine,
17(2):241–247, 1989.

[64] T. A. Muhamad, A. A. Rashid, M. R. A. Razak, and N. Salamuddin. A compara-
tive study of backhand strokes in tennis among national tennis players in malaysia.
Procedia-Social and Behavioral Sciences, 15:3495–3499, 2011.

[65] L. Mündermann, S. Corazza, and T. P. Andriacchi. The evolution of methods for the
capture of human movement leading to markerless motion capture for biomechanical
applications. Journal of NeuroEngineering and Rehabilitation, 3(1):1–11, 2006.

[66] OptimumTennis. The main tennis stances for hitting groundstrokes, 2015.

[67] K. Overlander and G. Bruggermann. Validation of a real-time markerless tracking
system for clinical gait analysis: ad hoc results. 2011.

[68] J. D. Pupo, J. A. Dias, R. G. Gheller, D. Detanico, and S. G. D. Santos. Stiffness,
intralimb coordination, and joint modulation during a continuous vertical jump test.
Sports biomechanics, 12(3):259–271, 2013.

[69] M. Reid. Biomechanics of the one and two-handed backhands. ITF Coaching and
Sport Science Review, 9(24):8–12, 2001.

[70] M. Reid and B. Elliott. Tennis: The one- and two-handed backhands in tennis. Sports
Biomechanics, 1(1):47–68, 2002.

[71] M. Reid, B. Elliott, and J. Alderson. Lower-limb coordination and shoulder joint
mechanics in the tennis serve. Medicine+ Science in Sports+ Exercise, 40(2):308,
2008.

[72] M. Reid, B. Elliott, and M. Crespo. Mechanics and learning practices associated with
the tennis forehand: a review. Journal of Sports Science and Medicine, 12(2):225–
231, 2013.

Page 83



REFERENCES

[73] M. Reid, D. Whiteside, and B. Elliott. Serving to different locations: set-up, toss, and
racket kinematics of the professional tennis serve. Sports Biomechanics, 10(4):407–
414, 2011.

[74] C. Reinschmidt, A. J. Van den Bogert, A. Lundberg, B. Nigg, N. Murphy, A. Stacoff,
and A. Stano. Tibiofemoral and tibiocalcaneal motion during walking: external vs.
skeletal markers. Gait and Posture, 6(2):98–109, 1997.

[75] C. Reinschmidt, A. J. Van den Bogert, B. Nigg, A. Lundberg, and N. Murphy.
Effect of skin movement on the analysis of skeletal knee joint motion during running.
Journal of biomechanics, 30(7):729–732, 1997.

[76] I. Rogowski, D. Rouffet, F. Lambalot, O. Brosseau, and C. Hautier. Trunk and
upper limb muscle activation during flat and topspin forehand drives in young tennis
players. Journal of applied biomechanics, 27(1):15–21, 2011.

[77] B. Rosenhahn, U. Kersting, S. Andrew, T. Brox, R. Klette, and H.-P. Seidel. A
silhouette based human motion tracking system. Technical report, 2005.

[78] R. K. Ryu, J. McCormick, F. W. Jobe, D. R. Moynes, and D. J. Antonelli. An
electromyographic analysis of shoulder function in tennis players. The American
journal of sports medicine, 16(5):481–485, 1988.

[79] M. Safran. Biomechanics of tennis strokes and its association with tennis injuries.
Am J Med Sci, 5:276–284, 2003.

[80] M. Sati, J. De Guise, S. Larouche, and G. Drouin. Quantitative assessment of skin-
bone movement at the knee. The Knee, 3(3):121–138, 1996.

[81] E. Schulte, U. Schumacher, and M. Schünke. Prometheus-allgemeine anatomie und
bewegungssystem, 2011.

[82] A. L. Sheets, G. D. Abrams, S. Corazza, M. R. Safran, and T. P. Andriacchi. Kine-
matics differences between the flat, kick, and slice serves measured using a markerless
motion capture method. Annals of Biomedical Engineering, 39(12):3011–3020, 2011.

[83] E. Sprigings, R. Marshall, B. Elliott, and L. Jennings. A three-dimensional kine-
matic method for determining the effectiveness of arm segment rotations in producing
racquet-head speed. Journal of Biomechanics, 27(3):245–254, 1994.

[84] A. Stępień, T. Bober, and J. Zawadzki. The kinematics of trunk and upper extrem-
ities in one-handed and two-handed backhand stroke. Journal of human kinetics,
30:37–47, 2011.

[85] K. Takahashi, B. Elliott, and G. Noffal. The role of upper limb segment rotations
in the development of spin in the tennis forehand. Australian journal of Science and
Medicine in Sport, 28:106–113, 1996.

[86] A. Tilley. The measure of man and woman: human factors in design. 1993.

Page 84



REFERENCES

[87] H. Tsushima, M. E. Morris, and J. McGinley. Test-retest reliability and inter-tester
reliability of kinematic data from a three-dimensional gait analysis system. Journal
of the Japanese Physical Therapy Association, 6(1):9–17, 2003.

[88] L. H. Wang, H. W. Wu, K. C. Lo, and F. C. Su. Kinematics of upper limb and trunk
in tennis players using single handed backhand strokes. volume 1, 1998.

[89] W. C. Whiting and R. F. Zernicke. Biomechanics of musculoskeletal injury. Human
Kinetics, 2008.

[90] J. D. Willson, S. Binder-Macleod, and I. S. Davis. Lower extremity jumping mechan-
ics of female athletes with and without patellofemoral pain before and after exertion.
The American journal of sports medicine, 36(8):1587–1596, 2008.

[91] J. Wittenburg. Dynamics of systems of rigid bodies, volume 33. Springer-Verlag,
2013.

Page 85



APPENDIX



A. SegCOG

A.1 FH

left right left right left right left right left right left right

foot 1.00 1.00 17 16 0.98 1.00

shank 1.00 1.00 24 23 0.98 0.99

thigh 1.00 1.00 16 11 0.98 0.99

lower trunk

upper trunk

upper arm 1.00 1.00 33 17 0.96 0.99 1.00 1.00 13 10 0.99 1.00

forearm 1.00 1.00 35 19 0.96 0.99 1.00 1.00 9 10 0.99 0.99

hand 1.00 1.00 45 26 0.99 1.01 1.00 1.00 13 12 0.99 1.00

COG

OVERALL

OVERALL 

Upper Body

A.2 BH1

left right left right left right left right left right left right

foot 1.00 1.00 21 15 0.98 0.99

shank 1.00 1.00 20 17 1.01 0.99

thigh 1.00 1.00 12 18 0.99 0.99

lower trunk

upper trunk

upper arm 1.00 1.00 27 25 0.99 0.99 1.00 1.00 17 15 0.99 0.99

forearm 1.00 1.00 48 22 1.03 1.00 1.00 1.00 7 9 1.00 0.99

hand 1.00 1.00 44 29 1.03 1.00 1.00 1.00 13 11 1.00 1.00

COG

OVERALL

OVERALL 

Upper Body

A.3 BH2

left right left right left right left right left right left right

foot 1.00 1.00 17 12 0.99 0.99

shank 1.00 1.00 13 19 1.00 0.98

thigh 1.00 1.00 11 20 1.00 0.99

lower trunk

upper trunk

upper arm 1.00 1.00 25 23 0.99 0.99 1.00 1.00 22 16 0.98 0.99

forearm 1.00 1.00 26 24 1.01 1.00 1.00 1.00 16 17 1.00 0.99

hand 1.00 1.00 41 37 1.01 0.99 1.00 1.00 22 23 1.00 0.99

COG

OVERALL

OVERALL 

Upper Body

A.4 SV

left right left right left right left right left right left right

foot 1.00 1.00 21 25 0.99 1.00

shank 1.00 1.00 32 28 1.00 1.00

thigh 1.00 1.00 19 18 1.01 0.99

lower trunk

upper trunk

upper arm 1.00 1.00 20 14 0.98 1.00 1.00 1.00 13 11 0.99 1.00

forearm 1.00 1.00 24 17 0.99 1.00 1.00 1.00 9 9 0.99 1.00

hand 1.00 1.00 30 41 0.99 0.98 1.00 1.00 21 14 0.99 0.99

COG

OVERALL

OVERALL 

Upper Body

A.5 Overall

left right left right left right left right left right left right

foot 1.00 1.00 20 18 0.99 0.99

shank 1.00 1.00 25 23 1.00 0.99

thigh 1.00 1.00 16 17 1.00 0.99

lower trunk

upper trunk

upper arm 1.00 1.00 28 21 0.99 0.99 1.00 1.00 16 13 0.99 0.99

forearm 1.00 1.00 35 21 1.01 1.00 1.00 1.00 10 12 1.00 0.99

hand 1.00 1.00 40 35 1.01 0.99 1.00 1.00 18 15 1.00 1.00

COG

OVERALL

OVERALL 

Upper Body

segment

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 13 0.98 1.00 9 0.99

1.00 14 0.98

1.00 21 0.99 1.00 23 1.02

1.00 30 0.99 1.00 16 1.00

1.00 27 0.99 1.00 19 0.99

segment

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 11 0.99 1.00 12 0.99

1.00 25 0.97

1.00 33 0.97 1.00 31 0.98

1.00 32 1.00 1.00 18 0.99

1.00 28 1.00 1.00 21 0.99

segment

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 13 0.99 1.00 9 0.99

1.00 24 0.97

1.00 32 0.97 1.00 25 0.98

1.00 30 0.99 1.00 21 0.99

1.00 26 0.99 1.00 21 0.99

segment

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 12 0.99 1.00 14 0.99

1.00 25 1.00

1.00 26 1.00 1.00 26 1.01

1.00 26 0.99 1.00 20 1.00

1.00 26 0.99 1.00 22 0.99

segment

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 12 0.99 1.00 12 0.99

1.00 23 0.98

1.00 30 0.98 1.00 30 0.99

1.00 30 0.99 1.00 19 0.99

1.00 27 0.99 1.00 21 0.99



B. JC

B.1 FH

left right left right left right left right left right left right

ankle 1.00 1.00 18 14 0.98 1.00

knee 1.00 1.00 24 25 1.00 0.99

hip 1.00 1.00 17 21 0.98 0.99

lower trunk

shoulder 1.00 1.00 38 25 0.95 0.99 1.00 1.00 18 19 0.99 1.00

elbow 1.00 1.00 40 26 0.97 0.99 1.00 1.00 12 11 0.99 0.99

wrist 1.00 1.00 37 27 0.99 1.00 1.00 1.00 12 22 0.99 0.99

OVERALL

OVERALL 

Upper Body

B.2 BH1

left right left right left right left right left right left right

ankle 1.00 1.00 15 10 1.01 1.00

knee 1.00 1.00 23 22 1.01 0.99

hip 1.00 1.00 16 25 1.00 0.97

lower trunk

shoulder 1.00 1.00 43 33 0.98 0.99 1.00 1.00 22 18 0.99 0.99

elbow 1.00 1.00 56 30 1.02 1.00 1.00 1.00 11 11 1.00 0.99

wrist 1.00 1.00 43 23 1.03 1.01 1.00 1.00 7 11 1.00 1.00

OVERALL

OVERALL 

Upper Body

B.3 BH2

left right left right left right left right left right left right

ankle 1.00 1.00 12 13 1.00 1.00

knee 1.00 1.00 17 24 1.00 0.98

hip 1.00 1.00 16 28 1.01 0.97

lower trunk

shoulder 1.00 1.00 36 36 0.97 0.98 1.00 1.00 31 18 0.97 0.99

elbow 1.00 1.00 34 25 1.02 1.00 1.00 1.00 15 14 1.00 1.00

wrist 1.00 1.00 34 29 1.00 0.99 1.00 1.00 26 19 0.99 0.99

OVERALL

OVERALL 

Upper Body

B.4 SV

left right left right left right left right left right left right

ankle 1.00 1.00 23 23 0.99 0.99

knee 1.00 1.00 34 30 1.01 1.00

hip 1.00 1.00 26 27 1.01 0.99

lower trunk

shoulder 1.00 1.00 25 21 0.97 1.00 1.00 1.00 17 19 0.99 1.00

elbow 1.00 1.00 28 20 0.98 0.99 1.00 1.00 12 11 0.99 1.00

wrist 1.00 1.00 24 32 0.99 1.00 1.00 1.00 15 12 0.99 1.00

OVERALL

OVERALL 

Upper Body

B.5 Overall

left right left right left right left right left right left right

ankle 1.00 1.00 19 17 0.99 1.00

knee 1.00 1.00 27 26 1.00 0.99

hip 1.00 1.00 21 26 1.00 0.98

lower trunk

shoulder 1.00 1.00 36 29 0.97 0.99 1.00 1.00 22 19 0.98 1.00

elbow 1.00 1.00 41 27 1.01 1.00 1.00 1.00 12 12 0.99 0.99

wrist 1.00 1.00 37 29 1.01 1.00 1.00 1.00 16 16 0.99 1.00

OVERALL
OVERALL 

Upper Body

1.00 31 0.94

joint

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 35 0.99 1.00 17 1.01

1.00 29 1.00 1.00 21 1.00

1.00 17 0.98

joint

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 38 1.01 1.00 16 1.01

1.00 32 1.01 1.00 23 1.00

1.00 13 0.99

joint

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 34 1.00 1.00 21 1.00

1.00 29 1.00 1.00 24 1.00

1.00 30 0.98

joint

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 27 1.00 1.00 16 1.01

1.00 28 1.00 1.00 24 1.00

1.00 26 0.98

joint

MARKERLESS HYBRID

r SD (mm) a1 r SD (mm) a1

1.00 33 1.00 1.00 17 1.00

1.00 29 1.00 1.00 23 1.00



C. SegRot Direction

C.1 FH

left right left right left right left right left right left right

foot 0.86 0.99 0.23 0.08 1.02 0.93

shank 0.88 0.99 0.26 0.50 0.78 1.00

thigh 0.93 0.99 0.21 0.50 0.90 0.99

lower trunk

upper trunk

upper arm 0.51 0.85 0.57 0.23 0.51 0.91 0.97 0.93 0.14 0.15 0.96 0.94

forearm 0.01 -0.23 0.78 0.88 0.08 0.23 0.77 0.22 0.39 0.70 0.77 0.21

hand -0.09 0.60 0.85 0.50 -0.10 0.60 0.71 0.22 0.44 0.70 0.71 0.21

OVERALL

OVERALL 

Upper Body

C.2 BH1

left right left right left right left right left right left right

foot 0.99 0.96 0.08 0.16 1.00 0.99

shank 1.00 0.99 0.60 0.10 1.02 0.97

thigh 0.99 0.94 0.50 0.14 0.99 0.97

lower trunk

upper trunk

upper arm -0.89 0.78 0.88 0.32 0.82 0.79 0.98 0.87 0.11 0.25 1.04 0.92

forearm 0.62 -0.25 0.44 0.75 0.43 -0.19 0.72 0.41 0.39 0.52 0.51 0.32

hand 0.01 0.22 0.78 0.71 0.01 0.23 0.60 0.51 0.45 0.51 0.37 0.41

OVERALL

OVERALL 

Upper Body

C.3  BH2

left right left right left right left right left right left right

foot 0.99 0.94 0.10 0.19 0.98 1.00

shank 1.00 0.99 0.06 0.08 1.01 0.98

thigh 1.00 0.96 0.04 0.11 1.04 0.97

lower trunk

upper trunk

upper arm 0.13 -0.29 0.66 0.61 0.18 -0.32 0.98 0.95 0.09 0.12 0.94 0.97

forearm -0.08 0.63 0.81 0.37 -0.08 0.56 0.67 0.27 0.41 0.47 0.47 0.16

hand 0.16 0.22 0.71 0.57 0.15 0.19 -0.14 0.55 0.80 0.42 -0.13 0.40

OVERALL

OVERALL 

Upper Body

C.4 SV

left right left right left right left right left right left right

foot 0.87 0.97 0.25 0.12 1.05 0.94

shank 0.85 0.77 0.29 0.31 0.79 0.83

thigh 0.86 0.85 0.30 0.28 0.85 0.88

lower trunk

upper trunk

upper arm 0.28 0.25 0.69 0.63 0.28 0.25 0.93 0.99 0.22 0.09 0.93 0.97

forearm 0.24 0.01 0.71 0.79 0.24 0.01 0.63 0.22 0.49 0.71 0.60 0.22

hand 0.31 -0.14 0.67 0.85 0.31 -0.14 -0.33 0.11 0.91 0.76 -0.32 0.11

OVERALL

OVERALL 

Upper Body

C.5 Overall

left right left right left right left right left right left right

foot 0.94 0.97 0.20 0.14 0.96 0.96

shank 0.93 0.94 0.22 0.19 0.91 0.96

thigh 0.94 0.95 0.20 0.18 0.95 0.95

lower trunk

upper trunk

upper arm 0.05 0.41 0.77 0.61 0.05 0.39 0.96 0.96 0.16 0.16 0.98 0.96

forearm 0.18 0.02 0.73 0.80 0.18 0.02 0.67 0.38 0.45 0.64 0.62 0.37

hand 0.12 0.23 0.75 0.71 0.12 0.24 0.12 0.33 0.76 0.66 0.13 0.33

OVERALL

OVERALL 

Upper Body

0.65 0.38 0.60

segment

MARKERLESS HYBRID

r SD a1 r SD a1

0.40 0.61 0.41 0.69 0.44 0.69

0.60 0.48 0.60 0.78 0.35 0.76

segment

MARKERLESS HYBRID

r SD a1 r SD a1

0.90 0.22 0.77

0.98 0.11 0.96 0.99 0.09 0.95

0.25 0.68 0.26 0.71 0.38 0.61

0.54 0.52 0.57 0.82 0.31 0.77

segment

MARKERLESS HYBRID

r SD a1 r SD a1

0.95 0.17 0.80

0.99 0.09 0.99 0.98 0.12 0.97

0.28 0.65 0.31 0.60 0.44 0.58

0.56 0.50 0.60 0.78 0.35 0.76

segment

MARKERLESS HYBRID

r SD a1 r SD a1

0.72 0.37 0.74

0.98 0.11 1.06 0.99 0.07 1.07

0.34 0.65 0.33 0.54 0.54 0.53

0.54 0.53 0.53 0.69 0.43 0.68

0.99 0.99 0.10 1.01

segment

MARKERLESS HYBRID

r SD a1 r SD a1

1.080.110.981.000.180.93

0.36 0.65 0.36 0.67 0.47 0.66

0.61 0.51 0.60 0.79 0.37 0.79

0.85 0.32 0.85

0.98 0.12



D. JAng

D.1 FH

left right left right left right left right left right left right left right left right

plantar / dorsal flexion (x) 0.82 0.90 8.7 7.2 1.07 1.23 7.5 -5.6

pronation / supination (y) 0.15 -0.07 7.7 7.0 0.16 -0.04 8.3 -4.0

abduction / adduction (z) 0.80 0.34 8.0 13.5 1.30 1.40 8.0 -7.3

knee flexion / extension (x) 0.98 0.94 5.0 1.1 1.18 1.06 -2.2 0.0

flexion / extension (x) 0.58 0.58 18.8 19.4 0.95 0.94 15.3 10.9

abduction / adduction (y) 0.59 0.52 6.8 6.6 0.61 0.88 1.0 7.0

internal / external rot. (z) 0.66 0.13 13.0 16.1 1.35 0.23 -23.5 -14.5

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) 0.98 0.65 13.0 22.1 1.19 0.81 9.2 17.3 1.00 0.87 4.1 11.3 1.06 0.84 4.3 6.4

abduction / adduction(y) 0.93 0.86 10.0 8.3 0.80 0.64 5.9 5.9 0.96 0.95 7.9 6.6 0.84 0.65 7.7 4.0

internal / external rot. (z) 0.13 0.57 88.6 34.0 0.46 0.82 48.6 31.7 0.92 0.80 10.1 17.6 0.75 0.78 -16.3 20.1

elbow flexion / extension (x) -0.39 0.96 79.0 8.8 -0.65 1.21 -57.1 -8.5 0.99 0.98 4.4 3.9 0.95 0.90 0.7 1.3

flexion / extension (x) 0.85 -0.26 13.0 37.0 1.02 -0.45 3.7 49.4 0.63 0.19 15.6 31.5 0.31 0.35 0.6 49.0

radial / ulnar deviation (y) 0.28 0.71 19.8 21.8 4.29 0.78 -8.5 -2.7 -0.79 -0.09 21.0 32.2 -3.77 -0.32 -10.4 5.1

pronation / supination (z) 0.13 0.54 48.9 54.9 3.26 3.88 48.4 57.3 0.56 0.17 44.0 59.3 13.30 1.21 16.4 -19.1

D.2 BH1

left right left right left right left right left right left right left right left right

plantar / dorsal flexion (x) 0.87 0.88 7.3 7.4 0.77 0.92 -4.3 -11.9

pronation / supination (y) -0.19 0.25 8.6 8.7 -0.20 0.51 2.1 -7.6

abduction / adduction (z) 0.10 0.48 11.9 18.5 0.28 1.65 28.6 9.2

knee flexion / extension (x) 0.84 0.98 5.1 3.2 1.34 1.01 2.9 -0.4

flexion / extension (x) 0.74 0.86 12.6 8.8 1.12 1.11 -13.0 -7.4

abduction / adduction (y) 0.19 0.91 5.9 5.6 0.26 0.99 -1.7 0.2

internal / external rot. (z) 0.41 0.30 10.9 13.7 0.48 0.29 -1.6 4.0

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) 0.90 0.97 19.6 9.9 1.22 1.10 20.3 -0.3 0.99 0.99 5.7 4.6 1.11 1.06 4.2 -4.1

abduction / adduction(y) 0.73 0.98 8.2 5.6 0.65 0.96 -4.9 -5.5 0.95 0.99 3.7 7.3 0.84 0.76 -5.9 -8.5

internal / external rot. (z) -0.20 0.36 67.2 61.4 -0.25 0.37 -54.4 27.9 0.95 0.99 12.8 5.8 1.06 1.03 -23.2 19.7

elbow flexion / extension (x) 0.96 0.80 13.5 17.4 1.06 1.22 -16.6 -2.6 1.00 0.96 4.6 5.2 0.91 0.91 0.1 9.1

flexion / extension (x) -0.13 -0.77 43.1 57.6 -0.53 -4.05 37.9 53.7 0.07 -0.62 13.7 22.5 0.07 -1.01 13.7 47.1

radial / ulnar deviation (y) -0.22 0.09 34.5 36.6 -1.39 0.39 22.9 31.1 0.20 -0.37 15.2 22.7 0.61 -0.80 34.7 9.3

pronation / supination (z) -0.43 -0.26 69.9 63.2 -9.45 -3.34 14.9 11.7 0.50 -0.07 19.8 23.9 3.40 -0.33 40.0 17.6

D.3 BH2

left right left right left right left right left right left right left right left right

plantar / dorsal flexion (x) 0.97 0.89 4.4 7.2 0.95 1.42 0.7 -8.3

pronation / supination (y) -0.03 0.30 7.6 8.8 -0.04 0.34 11.6 -8.4

abduction / adduction (z) 0.24 0.65 12.1 13.4 0.65 2.71 19.1 11.4

knee flexion / extension (x) 0.88 0.99 4.1 1.9 0.99 1.00 6.1 0.0

flexion / extension (x) 0.57 0.62 7.5 7.1 0.61 0.96 -18.0 -5.6

abduction / adduction (y) 0.75 0.86 5.7 5.9 0.77 0.79 -0.1 2.4

internal / external rot. (z) 0.35 -0.05 10.2 13.5 0.61 -0.05 6.9 6.1

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) 0.93 0.68 6.9 10.2 0.85 0.94 16.4 10.4 0.98 0.94 4.7 4.0 0.81 1.06 10.3 4.2

abduction / adduction(y) 0.88 0.94 6.7 5.8 0.90 1.09 2.0 1.7 0.96 0.99 5.4 5.5 0.64 0.62 -6.6 -6.5

internal / external rot. (z) 0.25 -0.67 49.3 92.1 1.00 -4.42 19.5 -19.4 0.92 0.92 5.2 5.4 0.74 0.96 -7.6 11.1

elbow flexion / extension (x) 0.45 -0.69 18.6 66.0 0.77 -1.26 -24.1 -36.6 0.93 0.99 5.6 3.1 1.14 0.98 -7.2 2.2

flexion / extension (x) 0.00 -0.17 39.3 37.2 0.00 -0.20 47.9 18.8 0.54 -0.93 23.9 35.6 0.92 -0.58 21.4 27.1

radial / ulnar deviation (y) 0.18 -0.03 23.5 23.1 0.53 -0.07 9.3 6.9 -0.69 -0.03 28.9 13.4 -1.91 -0.03 25.3 -2.2

pronation / supination (z) -0.11 -0.62 54.5 59.9 -1.99 -6.79 26.0 2.2 0.12 0.82 40.0 13.9 1.61 2.85 32.9 24.8

-0.3

0.8

-4.2

3.4

1.5

-6.5

4.3

11.7

-0.6

1.6

11.9

2.5

2.9

17.1

0.4

1.7

11.9

4.8

4.3

16.0

3.2

8.1

6.6

6.6

9.2

-2.2

2.8

9.8

-0.7

-3.51 -0.80 23.2 -3.27

24.7 0.65

-24.8

-1.0

22.5

-16.2

3.2

21.1

MARKERLESS

-22.8

8.0

13.7

-21.8

10.6

18.0

5.2

1.3

Mdiff (°) Mdiff (°)

HYBRID

Mdiff (°)

Mdiff (°)

HYBRID

Mdiff (°)

HYBRID

Mdiff (°)

7.2 -1.45

8.3

22.4

-17.7

-19.3

11.2

-0.7

MARKERLESS

0.7

2.6

24.3 0.52

OVERLL Upper Body

0.39 41.7 0.43 0.79 22.5 0.79

-0.29 52.6 -1.35 0.24 29.1 0.68

wrist

OVERALL

0.60 31.8

-0.10 40.6

0.65

0.85 18.5 0.85

0.63 11.6 0.69 0.57 12.7 0.65

0.63

-0.32

0.57 13.3 0.79 0.45 15.4

0.24

shoulder

-0.77-0.43 8.5 -1.66 -0.48 4.4

movement direction r SD (°) a1 r SD (°) a1

ankle

hip

upper trunk
0.25 7.9 1.00 -0.49

joint

-0.69 27.3

OVERLL Upper Body

0.64 38.9 0.66 0.88 21.8 0.84

-0.10 55.9 -0.17 0.55 28.4 0.70

wrist

OVERALL

0.71 30.7

-0.06 43.5

0.72

0.88 18.6 0.88

0.43 18.2 0.58 0.63 13.3 0.74

0.74

-0.10

0.38 22.8 0.54 0.60 16.4

0.50

-0.16

-0.41 28.3 -5.61 -0.48 18.3 -4.13

shoulder

-0.88-0.67 11.0 -1.35 -0.75 8.0upper trunk
-0.30 16.3 -1.42 -0.13

movement direction r SD (°) a1 r SD (°) a1

ankle

hip

joint

OVERLL Upper Body

0.40 46.3 0.47 0.81 23.9 0.83

0.10 55.7 0.28 0.25 37.1 0.48

-2.0

3.1

16.3

0.77

0.86 19.5 0.90

0.71 12.7 0.78 0.71 12.5 0.77

0.68

0.18

0.70 15.5 0.83 0.67 15.7

0.31 29.2 0.556.6

shoulder

-0.56-0.14 9.9 -0.74 -0.37 3.7

wrist

OVERALL

0.58 36.4

0.07 44.7

SD (°) a1

7.5 -1.02

-0.70 28.9 -9.45 -0.77

ankle

hip

upper trunk
-0.16 25.5 -1.66 -0.38

joint movement direction r SD (°) a1 r 

16.8 -5.79

MARKERLESS



D.4 SV

left right left right left right left right left right left right left right left right

plantar / dorsal flexion (x) 0.82 0.47 9.7 21.5 0.92 0.73 7.0 -7.3

pronation / supination (y) 0.38 0.24 9.1 9.0 0.74 0.19 11.8 1.8

abduction / adduction (z) 0.04 -0.45 13.4 15.2 0.05 -0.58 13.7 -10.6

knee flexion / extension (x) 0.96 0.96 5.2 6.3 1.07 1.02 -0.2 0.3

flexion / extension (x) 0.24 0.04 22.0 21.7 0.41 0.10 3.0 2.6

abduction / adduction (y) 0.45 0.16 11.8 9.1 0.43 0.14 0.0 5.9

internal / external rot. (z) 0.73 0.10 11.3 28.4 1.10 0.32 -26.2 -19.0

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) -0.23 0.96 181.1 14.2 -0.15 0.93 -165.0 11.6 -0.25 0.97 178.7 13.0 -0.16 0.99 -162.9 5.4

abduction / adduction(y) 0.92 0.98 8.5 5.1 0.70 0.98 -0.4 1.9 0.95 0.99 6.3 5.7 0.82 0.83 0.5 1.9

internal / external rot. (z) 0.34 0.25 142.9 69.1 0.22 0.30 168.2 9.2 -0.10 0.98 165.1 10.2 -0.04 0.88 115.1 24.2

elbow flexion / extension (x) 0.97 0.83 7.7 27.8 0.95 1.16 -7.9 -18.0 0.99 0.99 3.4 5.5 1.01 0.97 -2.0 6.1

flexion / extension (x) 0.07 -0.60 14.7 40.5 0.09 -0.47 1.3 -26.1 -0.16 -0.74 20.0 36.0 -0.28 -0.38 9.0 -40.8

radial / ulnar deviation (y) 0.28 -0.38 19.4 29.2 0.73 -0.93 8.5 8.5 -0.10 0.56 13.0 22.4 -0.12 1.51 2.1 20.9

pronation / supination (z) 0.33 -0.40 57.9 65.6 13.24 -3.80 18.4 -33.1 0.54 0.73 34.7 17.7 13.06 2.43 34.6 0.6

D.5 Overall

left right left right left right left right left right left right left right left right

plantar / dorsal flexion (x) 0.82 0.66 9.4 14.0 0.89 0.93 3.3 -8.1

pronation / supination (y) 0.12 0.27 9.2 9.5 0.17 0.31 8.7 -3.7

abduction / adduction (z) 0.32 0.02 14.7 21.6 0.74 0.05 16.8 -0.9

knee flexion / extension (x) 0.95 0.97 5.7 5.5 1.05 1.02 1.3 0.0

flexion / extension (x) 0.63 0.51 21.2 18.0 1.24 0.74 -2.0 0.6

abduction / adduction (y) 0.62 0.76 8.6 7.7 0.63 0.81 -0.2 4.1

internal / external rot. (z) 0.59 0.10 18.0 23.1 1.33 0.23 -13.3 -7.7

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) -0.08 0.91 136.0 16.2 -0.05 0.93 -45.8 10.1 -0.04 0.96 131.2 10.5 -0.02 0.98 -51.1 3.3

abduction / adduction(y) 0.91 0.97 9.3 7.4 0.77 0.92 0.6 1.2 0.93 0.98 8.2 8.1 0.88 0.76 -0.7 -1.6

internal / external rot. (z) 0.08 0.21 132.2 69.3 0.06 0.29 60.2 12.8 0.17 0.96 114.7 12.0 0.07 0.91 28.4 19.5

elbow flexion / extension (x) 0.53 0.55 44.2 37.1 0.67 0.83 -24.7 -16.2 0.99 0.98 5.3 5.5 0.99 0.93 -2.0 4.9

flexion / extension (x) 0.08 -0.45 35.3 55.4 0.10 -0.52 19.5 18.5 0.56 -0.67 20.0 51.2 0.52 -0.57 10.6 13.7

radial / ulnar deviation (y) 0.07 -0.09 26.6 30.8 0.25 -0.24 7.9 10.6 -0.35 0.33 26.2 25.3 -1.17 0.86 11.2 9.9

pronation / supination (z) -0.14 -0.22 59.6 70.2 -3.04 -2.22 26.2 5.3 0.40 0.27 36.7 36.8 5.44 1.51 31.2 4.7
-5.3

2.8

7.2

-5.8

1.5

7.2

-15.6

2.6

5.4

-16.9

1.7

9.1

-13.9

3.7

0.0

-7.4

9.8

-3.4

-17.3

6.7

8.2

23.8 -2.982.4

-28.0

2.1

14.7

-26.2

1.8

16.7

Mdiff (°)

HYBRID

Mdiff (°)

shoulder

wrist

OVERALL

0.42 48.4

0.62 14.2 0.71

-4.23

0.35

0.04 53.8 0.05

0.68 12.6

0.26 40.6 0.22

0.56 41.9 0.43

0.75

joint movement direction

MARKERLESS

r SD (°) a1 r SD (°) a1Mdiff (°)

HYBRID

Mdiff (°)

-0.58 15.2 -1.86

-0.43 32.7 -0.65 20.6 -3.86
-0.61 -0.88 10.1 -1.08

ankle

15.7 -1.62

58.2 0.12

OVERLL Upper Body

0.26 86.6 0.09 0.18 84.9 0.10

0.05 89.8 0.03 0.22 75.2 0.12

hip

upper trunk
-0.52 30.1 -3.68

wrist

OVERALL

0.26 67.9

0.03 70.2

0.80

0.30 65.6 0.18

0.67 13.8 0.74 0.74 12.0 0.77

0.16

0.03

0.80 16.4 0.79 0.74 14.6

0.23

shoulder

-1.20-0.72 18.7 -1.54 -0.97 14.19.2

-20.9

r SD (°) a1 r SD (°) a1

ankle

-0.20 23.3 -1.57 -0.86 15.2 -3.75

hip

upper trunk
-0.79 37.7 -4.86 -0.84

joint movement direction

MARKERLESS



E. 3D Distance

E.1 3D Distance SegCOG

M SD M SD M SD M SD M SD M SD M SD M SD M SD M SD

foot le 29 8 29 11 34 12 32 14 36 9 37 5 30 6 30 12 32 10 32 12

foot ri 26 7 26 9 39 18 37 18 24 10 31 14 19 8 22 11 29 15 30 15

shank le 41 9 46 10 54 15 55 21 43 11 55 11 30 8 44 15 44 14 51 16

shank ri 43 9 47 13 51 18 46 21 37 8 54 15 40 10 51 12 44 14 49 17

thigh le 31 10 20 5 31 13 27 9 19 9 15 8 25 9 15 15 27 12 20 11

thigh ri 19 7 29 9 28 14 36 14 29 10 36 11 33 8 33 17 27 12 34 13

pelvis 38 12 50 5 40 21 61 9 47 7 44 4 52 6 44 13 43 15 51 11

thorax 47 6 52 12 55 13 61 14 56 11 53 11 54 11 41 19 53 11 53 16

upper arm le 53 24 27 9 34 10 24 7 53 13 37 4 46 20 35 18 45 19 30 11

upper arm ri 29 10 24 6 24 7 25 6 44 15 27 5 41 10 26 18 33 14 25 9

forearm le 56 40 14 7 39 17 15 11 77 32 12 3 45 18 17 23 53 31 14 13

forearm ri 38 17 17 5 29 16 15 8 35 13 16 3 47 20 18 23 36 18 16 12

hand le 63 58 25 8 53 17 33 15 75 26 23 3 64 32 25 28 62 36 27 17

hand ri 45 20 20 4 55 48 24 7 49 14 23 2 55 32 28 29 51 34 24 14

COG 26 5 20 6 20 8 28 6 22 5 19 6 26 5 17 4 23 6 22 7

Overall 40 25 31 15 40 22 35 20 45 22 33 16 42 21 31 22 41 23 33 19
Overall 

upper body 47 32 26 14 41 25 28 18 55 24 27 14 50 23 27 24 48 27 27 18

E.2 3D Distance JC

M SD M SD M SD M SD M SD M SD M SD M SD M SD M SD

ankle le 32 6 31 9 38 15 37 20 27 12 34 11 20 10 24 14 30 14 32 16

ankle ri 27 9 31 13 40 20 37 24 23 8 38 16 25 9 32 12 30 16 35 18

knee le 41 12 51 13 58 18 61 23 51 11 66 13 40 7 57 17 49 16 59 19

knee ri 47 11 53 16 55 21 51 25 45 7 65 16 49 11 64 16 50 15 57 20

hip le 34 9 21 12 39 22 28 18 27 10 27 12 27 10 24 12 33 16 25 15

hip ri 34 10 48 11 42 25 53 26 39 19 50 13 46 17 48 16 40 20 50 19

pelvis 50 18 30 8 51 20 36 14 27 13 24 8 28 7 25 13 41 20 30 13

thorax 171 11 183 16 177 14 186 25 177 6 197 12 174 5 189 11 175 11 188 19

shoulder le 66 16 38 7 42 12 29 10 78 20 48 5 69 19 52 20 61 22 40 15

shoulder ri 43 17 35 8 38 14 36 12 58 22 32 10 58 23 30 16 48 21 34 12

elbow le 65 41 20 6 45 18 20 9 91 35 20 4 57 20 17 19 63 34 20 11

elbow ri 50 17 18 7 36 18 21 6 50 19 21 5 50 22 17 19 45 20 20 10

wrist le 55 48 18 12 38 19 27 13 70 31 12 4 57 34 32 31 53 35 22 19

wrist ri 43 29 31 23 39 41 18 11 35 17 17 8 53 21 20 29 42 31 21 19

Overall 54 41 43 42 53 41 46 44 57 43 46 46 54 40 45 46 54 41 45 45
Overall 

upper body 54 32 27 15 40 23 25 12 64 31 25 13 57 24 28 26 52 29 26 17

HYBRIDsgement

FH SV BH1 BH2 Overall

MARKERLESS HYBRID MARKERLESS HYBRID MARKERLESS HYBRID MARKERLESS HYBRID MARKERLESS

HYBRIDsgement

FH SV BH1 BH2 Overall

MARKERLESS HYBRID MARKERLESS HYBRID MARKERLESS HYBRID MARKERLESS HYBRID MARKERLESS



F. length of segments

F.1 FH

le ri le ri le ri le ri

MW 295 285 333 335 544 526 462 469

STD 0 0 7 4 6 5 4 3

Max 295 285 351 346 557 537 472 476

MIN 295 285 322 327 533 514 457 464

ROM 0 0 29 19 24 23 15 12

MW 277 277 312 312 498 498 483 483

STD 1 2 1 1 0 0 0 0

Max 279 280 314 314 499 499 484 484

MIN 270 270 309 308 497 497 483 483

ROM 10 9 6 5 2 1 1 1

Differenzen MW 

(Shape - Marker)
-17 -8 -21 -23 -45 -28 22 14

F.2 SV

le ri le ri le ri le ri

MW 295 285 335 330 545 527 461 469

STD 0 0 5 8 6 5 5 4

Max 295 285 340 348 554 543 476 481

MIN 295 285 322 314 532 510 455 460

ROM 0 0 18 33 22 33 21 22

MW 278 277 312 312 498 498 483 483

STD 1 2 1 1 0 1 1 0

Max 280 280 313 314 499 500 484 484

MIN 274 262 309 309 497 494 479 481

ROM 6 17 4 5 2 6 5 3

Differenzen MW 

(Shape - Marker)
-17 -8 -22 -18 -47 -29 22 14

F.3 BH1

le ri le ri le ri le ri

MW 295 285 340 327 540 526 463 469

STD 0 0 7 5 3 5 4 9

Max 295 285 353 339 546 535 469 487

MIN 295 285 324 316 532 519 452 458

ROM 0 0 29 24 13 16 17 29

MW 277 277 311 312 498 499 483 483

STD 2 2 3 2 0 0 0 0

Max 279 281 314 315 499 499 483 484

MIN 268 267 297 305 498 498 483 483

ROM 11 14 17 10 1 1 1 1

Differenzen MW 

(Shape - Marker)
-18 -9 -29 -15 -41 -27 20 14

SHAPE

MARKER

forearm upper arm thigh shank

MARKER

forearm upper arm thigh shank

SHAPE

MARKER

forearm upper arm thigh shank

SHAPE



F.4 BH2

le ri le ri le ri le ri

MW 295 285 332 331 538 523 466 468

STD 0 0 3 5 3 3 3 4

Max 295 285 343 346 545 532 473 475

MIN 295 285 322 324 533 518 461 461

ROM 0 0 21 22 12 14 12 14

MW 274 277 312 312 498 498 483 483

STD 9 3 1 1 0 0 0 0

Max 279 282 315 314 499 499 484 484

MIN 199 262 300 308 498 498 483 482

ROM 80 20 15 6 1 1 1 1

Differenzen MW 

(Shape - Marker)
-20 -9 -21 -19 -40 -24 17 15

F.5 Overall

le ri le ri le ri le ri

MW 295 285 335 331 542 526 463 469

STD 0 0 6 7 6 5 5 5

Max 295 285 353 348 557 543 476 487

MIN 295 285 322 314 532 510 452 458

ROM 0 0 32 33 25 33 24 29

MW 277 277 312 312 498 498 483 483

STD 4 2 2 1 0 0 0 0

Max 280 282 315 315 499 500 484 484

MIN 199 262 297 305 497 494 479 481

ROM 81 20 18 10 2 6 5 3

Differenzen MW 

(Shape - Marker)
-18 -8 -23 -19 -44 -27 20 14

MARKER

forearm upper arm thigh shank

SHAPE

SHAPE

MARKER

forearm upper arm thigh shank



G. Results JAng overview

G.1 markerless

left right left right left right left right left right

plantar / dorsal flexion (x) ++ + + ++* ++ + ++ - - + - -

pronation / supination (y) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (z) + - - - - - - - - - - - - - - - - - -

knee flexion / extension (x) + ++ + ++ ++ ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (y) - - - - - - - - - - + - - - - - - - -

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) - - - - ++ + - - - - - - - -

abduction / adduction(y) + + - - ++ ++ ++ + ++ + ++

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

elbow flexion / extension (x) - - + - - - - - - ++ - - - - -

flexion / extension (x) - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - - -

G.2 hybrid

left right left right left right left right left right

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) ++ - + ++ + ++ - - - - - -

abduction / adduction(y) + + + + + + + + + +

internal / external rot. (z) - - - ++* + ++* - - - - - -

elbow flexion / extension (x) ++ ++ ++ ++ + ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - -

BH2 SV overall

MARKERLESS

HYBRID

FH BH1 BH2 SV overall

- -

- - - - - - - - - -

ankle

hip

upper trunk

- - - - - - - - - -

- -

joint movement direction FH BH1

shoulder

wrist

joint movement direction

- - - - - -

upper trunk

- - - - - - - - - -

- -

shoulder

wrist

- - - - - - - -

- - - - - - - - - -



G.3 markerless corrected

left right left right left right left right left right

plantar / dorsal flexion (x) ++ + + ++* ++ + ++ - - + - -

pronation / supination (y) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (z) + - - - - - - - - - - - - - - - - - -

knee flexion / extension (x) + ++ + ++ ++ ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

abduction / adduction (y) - - - - - - - - - - + - - - - - - - -

internal / external rot. (z) - - - - - - - - - - - - - - - - - - - -

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) - - - - ++ + - - ++1) - + -

abduction / adduction(y) + + - - ++ ++ ++ + ++ + ++

internal / external rot. (z) - - - - - - - - - - - - - -1) - - - - - -

elbow flexion / extension (x) - - + - - - - - - ++ - - - - -

flexion / extension (x) - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - - -

G.4 hybrid corrected

left right left right left right left right left right

flexion / extension (x)

abduction / adduction (y)

rotation (tilt) (z)

flexion / extension (x) ++ - + ++ + ++ ++1) - ++ -

abduction / adduction(y) + + + + + + + + + +

internal / external rot. (z) - - - ++* + ++* -1) - - -

elbow flexion / extension (x) ++ ++ ++ ++ + ++ ++ ++ ++ ++

flexion / extension (x) - - - - - - - - - - - - - - - - - - - -

radial / ulnar deviation (y) - - - - - - - - - - - - - - - - - - - -

pronation / supination (z) - - - - - - - - - - - - - - - - - - -

ankle

hip

upper trunk

- - - - - - - -

- - - -

MARKERLESS

FH BH1 BH2 SV overall

shoulder

- -

- - - - - - - - - -

wrist

joint movement direction

- - - - - -

HYBRID

FH BH1 BH2 SV overall

shoulder

wrist

joint movement direction

- - - - - -

- - - - - - - - - -

upper trunk

- - - - - - - - - -

- - - -
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