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Abstract

In-vivo internal structural loads and muscle activation are complex to be performed, but these are crucial for quantitative evaluation of hu-
man movements. Hence some musculoskeletal models have been developed in the last decade which provide non-invasive estimations the
body movements in normal conditions. Abnormal movements following injuries were simulated using biomechanical model in some previ-
ous studies. This study analysed upper limb movements by using a developed upper-extremity OpenSim model which includes strain-
adjustable ligaments of the acromio-clavicular joint. In addition, movements analyzing results from using an available model developed
from OpenSim community was used for comparison. The upper limb movements used for this research were recorded from two healthy
participants. Shoulder range of motion resulted from the developed model and the available model are compared. The results from this
comparison suggest that the proposed OpenSim model can be used for upper-limb motion analysis and evaluation.
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Abbreviations

AC acromioclavicular
DOF degree-of-freedom

Tém tit

Dé danh gia dinh lwong cac chuyén dong cua co thé ngudi, gia tri
momen tai & m&i khop va kich thich co rat & mdi khop la rat quan
trong, nhung ciing rit phuc tap de thuc hién dol truc tiép voi co thé
ngudi. Do d6, trong vai nim gén day mot s6 md hinh Cco-Xuong-
khép da duoc phat trién nhim cung cép cac wéc lugng vé chuyén
dong cua co thé ngudi trong diéu kién binh thuong. Cac nghién ciu
truge day cling tir d& cap dén viéc uée luong chuyén dong con
nguoi trong diéu kién sau chin thuong dugc md phong bing mo
hinh co-sinh hoc. Trong bai bao ndy, tac gia phan tich cac chuyén
dong cua canh tay bang cach st dung mé hinh dugc phét trién bang
phan mém OpenSim, md hinh c6 b sung cac day ching ¢ xwong
don c6 thé diéu chinh duogc strc cang. Ngoai ra, két qua phan tich
chuyén dong biang mot mé hinh khac dwoc phét trién tir cong ddng
OpenSim trén thé gi¢i da dwoc sir dung dé so sanh. Céc chuyén
dong canh tay dugc st dung trong bai bao nay dugc ghi lai tir hai
ngudi khoe manh. Pham vi chuyén dong cia cénh tay thu dwoc tir
mo hinh OpenSim do nhém téc gia phét trién va md hinh trugc day
dugc phan tich va so sanh. Két qua so sanh cho thiy mé hinh
OpenSim dugc nhom téc gia phat trién co thé duoc sir dung dé
phan tich va danh gia chuyén dong cua canh tay, ing dung trong
viéc hd tro danh gia sy phuc hdi cia ngudi bénh sau vat ly tri lieu.

1. Introduction

The knowledge of human movement kinematic is a high-
value information in biology and rehabilitation research.

Functional movement evaluation can be performed under
normal or abnormal conditions [1]. However, in-vivo meas-
urements of internal structural loads and muscle activation
during human movement are difficult and complex to be
performed. Finding another solution to get these valuable
information by a non-invasive method are needed. In the last
decade, musculoskeletal models were proposed for this is-
sue. The musculoskeletal models which were developed with
the human bone anatomy, and muscles’ characteristics can
provide meaningful estimations of the needed information
on human movement.

Human upper limb has perfect anatomy that designed to give
us a high mobility and functional movements. The upper
limb can be divided into three regions: upper arm, forearm,
and hand [2]. The main movements of the upper limb are:
shoulder flexion-extension, shoulder abduction-adduction,
shoulder medial-lateral rotation, elbow flexion-extension. In
daily life, lack of movement function of upper limb can lead
to the limitation of activities of daily living, as well as other
mobility demands. Hence, understanding the kinematics of
upper limb movement is essential for proper rehabilitation
training, especially during functional training.

In the recent years, several upper limb musculoskeletal mod-
els have been developed using OpenSim software (National
Central for Simulation in Rehabilitation Research NCSRR,
Stanford, CA, USA) [3]-[8]. For rehabilitation purpose, a
shoulder complex skeletal model was developed using a spa-
tial hybrid mechanism, this model was based on joint geo-
metric constraints [9]. There are two main fundamental ben-
efits from using OpenSim software in movement analysis:
OpenSim software can calculate variables which are difficult
to measure in-vivo, and it can predict movement from mod-
els of motor control [10].
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The musculoskeletal models are mainly used to analyse in
detailed biomechanical movement. Although, in some stud-
ies, the musculoskeletal models were also used to analyse
the abnormal movement in which the body was affected by
physical injuries. The AnyBody shoulder model was used to
investigate the impact of cuff tear arthropathy on the me-
chanics of the deltoid during elevation in the frontal, scapu-
lar and sagittal planes [11]. A previous study performed the
simulations on surgical rotator cuff repair of the supraspina-
tus muscle—tendon unit on upper-extremity using the Stan-
ford VA upper limb model [12]. Recently, evaluating the
effects of a change in morphological structure in movement
by using the musculoskeletal model has been becoming ra-
ther common, and this approach can be a promising reliable
and valid method for movement analysis.

In this study, we used a developed OpenSim biomechanical
upper limb model in which the model was included acromi-
oclavicular (AC) joint ligaments [13]. The detail description
of the model can be found in the previous study [13]. The
AC joint ligaments added to this biomechanical model was
first intended to estimate the motion kinematics of the
shoulder according to different types of Rockwood AC dis-
location. In addition to estimate the motion kinematics in
abnormal condition, this model was used to analyse the up-
per limb movement in the normal condition in this work.
Data recorded from two healthy young volunteers during
moving their upper limb were analysed by this OpenSim
model. An available upper limb model developed from
OpenSim community — the Wu shoulder model was used for
comparison [14]. Shoulder range of motion resulted from
these two models are analysed in this work.

2. Main body

2.1. Materials and methods
2.1.1. Developed upper limb model

The detail description of developing the model can be found
in our previous study [13]. The model includes 7 degrees of
freedom (DOFs), i.e, shoulder rotation/elevation/plane eleva-
tion, elbow, forearm and wrist flexion/deviation, and fifty
musculo-tendon actuators across these joints. The model was
developed based on the anthropometry and muscle force-
generating characteristics of a 50" percentile adult male. For
the AC joint, three ligaments arranged around were added. In
addition, the trapezius muscle was added, as the result, the
model was formed with 63 muscle-tendon units in total.

2.1.2. Wu shoulder model

The shoulder model used in the work of Wu is a generic 5-
segment, 10 degree-of-freedom (DOF) musculoskeletal
model of the upper limb which was also developed in Open-
Sim [14]. 26 Hill-type muscle-tendon units was included in
the model, which represent the major axioscapular, axio-
humeral and scapula-humeral muscle groups.

a) Wu shoulder model

b) Developed model

Figure 1: Upper limb model.

In this model, the forearm and wrist were modelled as one
rigid segment that articulated with the elbow via a 2-DOF
universal joint. The forearm and wrist segment in our model
was modeled independently as a 2-DOF universal joint for
each segment.

2.1.3. Experimental upper limb movement data recording

Two healthy young volunteers (one female and one male)
were instructed to perform right upper limb movements in-
cluding: upper limb abduction-adduction, upper limb flex-
ion-extension, upper limb horizontal abduction/adduction
and hand to mouth. Before enrolled in this work, all the in-
cluded participants do not have any shoulder surgery, their
upper-limb was all in normal condition.
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Figure 2: Experiment of upper limb movement performing.

The participants was asked to perform five times for each
movement with a self-paced velocity (e.g., they was sug-
gested to count from 1 to 4 while bringing the hand toward
the mouth and count from 4 to 1 while returning to the origi-
nal position). The body landmarks of each participant’ up-
per-limb were marked by the reflective marker. Placing these
markers on the body was performed according to the rec-
ommendations from a previous study [15].

Table 1: Participants characteristics

Participant 1 Participant 2
Gender Female Male
Height (cm) 156 55
Weight (kg) 46 51
Clavicle (cm) 14 s
Humerus (cm) 24 24
Ulna(cm) 21 235

For recording 3D movements, a motion capture system
(SMART-DT, BTS Bioengineering Corp., Milano, Italy)
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was used to record all the trials. The recording rate was de- Table 2: Scaling results
termined at ;he dﬁfz_alu_lt sgtup;{ 100 fralmesl,) per dselcond. The Model Partici- Tonl G -~ Ry—
movemeny of each joint in the upper-limb mo el were ex- pant squared marker marker | with max
tracted using the data recorded form the 3D position of the No. error error (m) | error (m) error
markers _re_corded. - . Developed 1 0.0035 0.0147 0.0240 1J
The participant characteristics are reported in Table 1. model
| 1 \ 2 0.0044 0.0166 0.0275 DM2
~ Wu model 1 0.0144 0.0300 0.0540 AA
2 0.0072 0.0212 0.0319 HDBAR
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Figure 3: Able-bodied subject with markers applied in resting position in
anterior (a) and lateral (b) view [13].

2.1.4. Data analysis

Since the Wu shoulder model included different marker with
our developed model, the position of the markers in the Wu
shoulder model has been adjusted to the same position of
these in our model.

The models used in this study are generic musculoskeletal
model, to make them match the anthropometry of a particu-
lar participant, scaling OpenSim tool are used. In OpenSim,
the scaling step adjusts both the mass properties (mass and
inertia tensor), as well as the dimensions of the body seg-
ments.

The inverse kinematics OpenSim tool was used to find each
joint angles of the upper-limb model that reproduce the ex-
perimental kinematics of a particular participant with the
lowest error. In each recorded frame of motion, the marker
positions was extracted. Then, this data were imported and
used to compute the set of joint angles that make the model
in a position that match the experimental kinematics.

Finally, the forces and moments of the joints that produce
the movement were estimated by the inverse dynamics
OpenSim tool. Performing inverse dynamics require the es-
timation of mas and inertia of the body and each part of the
body. This estimation was performed by the software auto-
matically by the scaling tool.

2.2. Results

From the generic model, each participant’s model were
scaled using the Scale tool. The error from this process was
reported in the Table 2. The RMS marker errors from the
developed model were less than 0.02 m, those from the Wu
model were between 0.02 m and 0.03 m. Both models result
in acceptable error.

The elbow-flexion and elbow pronation-supination of two
participants against time during the upper limb hand to
mouth movement are shown in Figure 4 and Figure 5. As
observed in these figures, the joint patterns resulted from
two models are the same. The difference between two mod-
els are not significant, this demonstrates that the movements
were extracted from both models are nearly the same.
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Figure 4: Elbow flexion (in degrees) of two participants plotted against
time (in seconds) during hand to mouth movement. (Sx_Wu: Participant x
with Wu model; Sx_Self: Participant x with developed model).
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Figure 5: Elbow pronation-supination (in degrees) of two participants plot-
ted against time (in seconds) during hand to mouth movement. (Sx_Wu:
Participant x with Wu model; Sx_Self: Participant x with developed model)

The moment at elbow-flexion and elbow pronation-
supination joints of two participants against time during the
upper limb hand to mouth movement are shown in Figure 6
and Figure 7. As observed in these figures, the joint mo-
ments resulted from two models are significant different.
This could be the result from the different in body mass of
each participant estimated by two models are not the same.
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Figure 6: Moment at elbow flexion joint of two participants plotted against
time (in seconds) during hand to mouth movement. (Sx_Wau: Participant x
with Wu model; Sx_Self: Participant x with developed model)
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Figure 7: Moment at elbow pronation-supination joint of two participants
plotted against time (in seconds) during hand to mouth movement. (Sx_Wu:
Participant x with Wu model; Sx_Self: Participant x with developed model)

The maximum and minimum of elbow flexion and elbow
pronation supination during shoulder movements are shown
in Table 3. Although there are some slight difference be-
tween two models, the trends of these variables can be ob-
served.

2.3. Discusion

During hand to mouth movement, the trend of upper limb
joints resulted from two models across time is homogeneous.
Although some variability in angle following time can be
observed in Figure 4 and Figure 5, but the shape are the
same. The reason can be the participants performed the
movement with different speed, for example they performed
the movement faster in the next time because of muscle fa-
tigue.

The upper limb range of motion were investigated in the
previous research [16], and they may effected by gender, age
or body mass index. Since this study aims to analyze shoul-
der movement only, we enrolled only two participants. The
detail analysis of the influence of age and gender or body
mass on upper limb range of mation are not investigated in
this study.

Table 3: Range of joint angle during shoulder movement for two partici-

pants
Joint angle
Upper limb movement
Elbow flexion Elbow pro-sup

Adduction-adduction

Developed model 12.2-415 -5.1-55.3

Wu model 17.3-444 -4.5-66.9
Flexion-extension

Developed model 16.5-49.5 -242-38

Wu model 20.4-56.4 -21.3--27
Horizontal abduction-
adduction

Developed model 0.8-124 23.6-375

Wu model 25-19.2 16.6 —32.1
Hand to mouth

Developed model 5-129 -17.5-32.4

Wu model 11-130 -14.7-319

The two OpenSim models provided quantitative information
of upper limb movement kinematics. The Wu shoulder mod-
el had been developed and widely used in the OpenSim
community. It has been also used for upper limb movement
analysis in the literature. In another word, the Wu shoulder
model has been proven to be a good model. So that, the
comparison between the developed model with the Wu mod-
el which result in the same result can emphasize the scien-
tific meaning of this model [17], [18]. The enrolled partici-
pants are only healthy participants. Further work can be the
movement analysis of abnormal participants or with the pa-
tient who got upper limb surgery.

The upper limb range of motion in healthy participants was
investigated in several previous studies [16], [17]. The re-
sults in our study showed that the range of elbow-flexion
during hand to mouth movement from developed model and
Wu model are 5 — 129 and 11 — 130, respectively. The re-
sults from both two models are consistent with the results
using a universal goniometer [16], an electromagnetic track-
ing device [17]-[19]. This suggests that instead of using the
expensive and complex devices, an useful alternative method
for upper limb movement analysis can be using the OpenSim
model and camera system.

This study consist of some limitations, i.e, the shortage of
enrolled participants. To perform comparing the results of
upper limb movement in term of gender or age, a compara-
ble number for both male and female participant, and at dif-
ferent range of age should be included in the future experi-
ments. The possible difference between genders or age when
performing upper-limb movement can be significant.

3. Conclusion

With the experimental data recorded from two healthy par-
ticipants, the upper limb movement kinematics were ana-
lysed by two OpenSim models. Both models resulted in the
same shoulder range of motions. In addition, these results
are consistent with the range of shoulder motion in the litera-
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ture. The results from this comparison suggest that the pro-
posed OpenSim model can be used for upper limb move-
ment analysis and evaluation. Movement analysis using this
model in combination with assessment by means of kinemat-
ic parameters may provide more detail evaluation of the up-
per-limb or shoulder movement, which is one of the funda-
mental elements in health-care research.
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