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Abstract

The purpose of this systematic review is to report the characteristics and methods utilized in human lower limb or knee joint
only biomechanical models to provide state-of-the-art knowledge on the topic. This review was conducted according to the
preferred reporting items for systematic reviews and meta-analyses guidelines. PubMed, Scopus and Web of Science were
searched up to 24th April 2018 to look for musculoskeletal models of the human lower limb or knee joint only without any
associated pathology. A 15-item checklist was used to assess the methodological quality of the included studies. Twenty-one
studies were included, with seventeen of them modelling the lower limb and four only the knee joint. The methodological
quality of the studies varied considerably, with the reporting of model characteristics showing very low quality. Among
studies including experimental setup, subjects were instructed to perform vertical jumping, running at different speeds, drop
landing and isokinetic knee extension (5%), static conditions (9%), knee’s flexion/extension (14%) and walking at constant
(29%) and different (33%) speeds. A great variety of modelling strategies was found for the reproduction of the human mus-
culoskeletal system in terms of number of segments, muscles and muscle models. The reviewed musculoskeletal models
were able to reproduce human movement dynamics similar to results present in literature and to experimentally measured
records. However, standardized methods for reporting the characteristics and methods of these models are missing and
should be addressed in future studies.

1 Introduction the pelvic girdle, the bones of the thigh (femur and patella),

lower leg (tibia and fibula) and foot (tarsus, metatarsus and

The human body comprises an internal framework named
skeleton, composed by a series of bones. The part of the
skeletal system that involves the lower limb is formed by
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phalanges) (Fig. 1a) [1]. The skeletal system is intercon-
nected by the articular system, which for the lower limb
includes the hip, knee and ankle joints (Fig. 1b).

The human neuromusculoskeletal system entails many
intricate elements that interact with each other to enable
a coordinated movement. In order to understand how this
is achieved, an extensive range of studies were performed
to obtain data characterizing muscle mechanics, geometric
relationships between muscles and bones, and motions of
joints [2]. Using this knowledge, computational models of
the human body are being developed to study and analyze
the biomechanics of healthy and pathological human move-
ment. The combination of computational models with exper-
imental information of human motion provides estimates of
biomechanical parameters, such as musculotendon or joint
forces, that are not easily measured in experimental human
designs [2, 3]. The general structure of a biomechanical
model of the human lower limb is presented in Fig. 1c and
involves the segments and joints presented in Fig. 1a and b.
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Fig. 1 Human lower limb a skeletal and b articular systems. Adapted
from [1]. ¢ General structure of a lower limb biomechanical model
with the identification of its constituting segments and joints. Usually,

The determination of muscle and joint forces, and many
other biomechanical parameters that act in a determined
human movement, is essential to enable the iterative devel-
opment of cost-effective mobility assistive and rehabilitation
devices tailored to the patients’ specifications. Computer
musculoskeletal simulation uses algorithms and equations
to allow the experimentation of a diversity of scenarios on
a valid digital representation of the human musculoskeletal
system. By using simulation tools to predict the forces that
those devices are required to provide or endure during the
assistance procedure, which involves the use of the device
in patients, the production process becomes less time and
cost consuming than experiments performed with real pro-
totypes. This is feasible since computer simulation provides
valuable solutions by giving clear insights into what needs
to be altered when the product is still under development.

Despite the extensive research on this topic, there is still
lack of information on the description of the differences
between existing biomechanical models, including the mini-
mum number of muscles and segments, the formulation of
the muscle model, the implementation of the joints and the
number of degrees of freedom necessary for an accurate
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the upper extremity is represented by a Head, Arms and Trunk (HAT)
segment. (Color figure online)

representation of the human musculoskeletal system, just
to name a few. A systematization of the features comprised
on the currently available biomechanical models represent-
ing the human lower limb is warranted and would enable
the definition of guidelines for future developments of
these models. This systematic review of the literature was
performed with the purpose to identify and summarize the
characteristics and methods reported in the development of
biomechanical models representing the human lower limb
or knee joint.

2 Methods

The present systematic review of literature was conducted
according to the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines [4].

2.1 Search Strategy

A comprehensive electronic database search was carried
out on MEDLINE/PubMed, Scopus and Web of Science.
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The searches were performed until April 24, 2018, and no
publication year limit was applied. Articles that included
the development and/or use of a musculoskeletal model
of the human body and reported lower limb or knee joint
kinetic, kinematic and/or muscular results were identi-
fied. The search strategy was determined using the AND/
OR/NOT Boolean operators and combining the following
key-words: human knee, knee, knee joint, biomechanical,
biomechanical model, knee biomechanical, biomechanical
analysis, musculoskeletal, musculoskeletal model, muscle
force, mechanical force, muscle reaction, prosthesis, pros-
theses, pathology, injury, replacement, arthroplasty, loss,
deficit, reduction, pain, disorder, rehabilitation, unhealthy,
reconstruction, graft, disease. An example of the search is
depicted in “Appendix 1”.

2.2 Study Selection

All records were extracted to an Excel file (Microsoft®
Office) and duplicates were removed by software filter and
verified manually. The reference list of relevant articles
resulting from database search were analyzed to identify
other studies that could potentially be included in this sys-
tematic review. All titles, abstracts and keywords of the arti-
cles obtained were screened and identified relevant studies
were retrieved and the respective full text analyzed for eligi-
bility. Musculoskeletal computational biomechanical models
of the human lower limb or knee joint were considered for
inclusion. Studies were excluded if did not (1) focus on a
generic musculoskeletal model, (2) alter some feature or fur-
ther analyzed the musculoskeletal model, (3) focus only on
healthy articulation, (4) refer to a study performed with nor-
mal movements, (5) refer to a study performed in humans,
(6) include validation, (7) include three-dimensional (3D)
models, (8) include or analyze the knee joint. Conference
proceedings and studies that were not written in the English
language were also excluded. To be considered as healthy,
the joints must not present any injury or prothesis.

2.3 Data Collection and Extraction

A customized data extraction table was developed to extract
key details from each included study considering: (1) aim,
population demographics (i.e. age) and experimental setup
(i.e. equipment used); (2) musculoskeletal model charac-
teristics (i.e. number of muscles and muscle model); (3)
alterations applied to the biomechanical model; (4) valida-
tion dataset used to assess model accuracy; (5) conditions
used to model the biomechanical model and (6) study’s main
outcomes, limitations and general remarks. These charac-
teristics were chosen to provide an overview of the methods
each study used in the analyzes performed and of the results
and conclusions obtained. When only partial information

was described in the original article, references and authors’
previous works were analyzed to provide comparable data
across the selected studies.

2.4 Methodological Quality

To assess the methodological quality of the studies included
in this systematic review, a checklist was developed on the
basis of a previous review in the field of biomechanics [3].
Each question from the checklist was scored as zero (no
information), one (limited details) or two (satisfying descrip-
tion). The 15-item quality checklist used in this review was:
Q1: Are the research objectives clearly stated?, Q2: Is the
scientific context clearly explained?, Q3: Is the musculo-
skeletal model adequately described?, Q4: If any, were the
model alterations clearly described?, Q5: Were participant
characteristics adequately described?, Q6: Were movement
tasks, equipment design, and set up clearly defined?, Q7:
Was the evaluation strategy appropriately justified?, QS:
Were the analytical methods clearly described?, Q9: Were
the statistical methods justified and appropriately described
(other than descriptive statistics)?, Q10: Was the validation
procedure clearly described?, Q11: Were the direct results
easily interpretable?, Q12: Were the main outcomes clearly
stated and supported by the results?, Q13: Were the limita-
tions of the study clearly described?, Q14: Were key findings
supported by other literature?, Q15: Were conclusions drawn
from the study clearly stated? The overall score (%) of each
of article was calculated based on the work of Moissenet F,
Modenese L, Dumas R [3] in which the score of each article
is the “sum of the rated questions divided by the sum of
applicable questions”.

3 Results
3.1 Search Strategy

The database and hand searches provided a total of 414 cita-
tions. After duplicate citations were removed, 330 articles
were screened, and 184 full texts were retrieved to be exam-
ined in detail. A total of 21 articles met the eligibility criteria
and were included in this systematic review (Fig. 2).

3.2 Methodological Quality Assessment

The studies’ scores ranged from 53.3 to 93.3%, with a mean
of 74.1% (“Appendix 2”). The quality of the reviewed stud-
ies regarding Q1, Q2 and Q12 was very high, comprising
each an average score of 2 (“Appendix 2”). Aside from
these, most of the articles presented high quality regarding
Q14, Q7, Q8, Q10 and Q11. Each item was scored with
1.6, 1.6, 1.7, 1.8 and 1.8, respectively. Q6, Q5 and Q13
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Fig.2 Flowchart of the search
strategy conducted in this
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were mediumly scored with an average of 1.3, 1.2 and 1.3,
respectively. Six of the studies did not report any limita-
tions (scored 0), while three presented a limited descrip-
tion of the limitations (scored 1). Most of the studies did
not clearly present their conclusions (Q15) and, therefore,
this item is averagely scored with 1.2. Since almost all stud-
ies did not adequately describe the musculoskeletal model
utilized (Q3), the overall quality regarding this item is not
high, being averagely scored with 1.1. To the studies includ-
ing only a brief description of the model utilized (as it was
more detailly explained in a previous work), a score of 1 was
attributed. Many analyzed articles presented limited descrip-
tion of the alterations implemented to the model (Q4), as
well as of the statistical analysis (Q9), being scored with 1
and 1.2 on average, respectively. Regarding to the alterations
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Records Screened

(n=330)

Records excluded

(n= 146)

Full-text articles
assessed for eligibility
(n=184)

Full-text articles excluded
with reasons (n = 163)
Conference Proceedings (n=9)
Not English language (n=3)
Not a generic model (n=36)

Did not alter or analyses the model (n=8)

Not a healthy articulation (n=43)

Not normal movements (n=29)

Not a study performed with humans (n=6)
Did not include validation (n=5)

Not a 3D model (n=17)

Did not include or analyses the knee (n=3)

Full text not found (n=4)

Studies included in the
qualitative synthesis

(n=21)

performed to the model, nine studies were attributed with a
score of 0, since no alterations were performed, and four and
eight studies presented medium and high quality (scored 1
and 2, respectively).

3.3 Population Demographics and Experimental
Setup

The demographic characteristics of the 113 participants
(25 females, 71 males and 17 unknowns) are presented in
Table 1. Three studies [5-7] did not mention the subjects’
gender. Four studies [8—11] did not perform experimental
procedures. Of all studies including experimental proce-
dures, two studies [6, 12] did not present information regard-
ing the age, five studies [12-16] did not report the body
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(a)

Fig.3 a Distribution of the movement performed by the subjects
of the reviewed articles. Flexion and extension of the knee joint.

Vertical jumping.e Walking at constant speed.e Walking at different
speeds.e Running at different speeds.e Static conditions.« Drop land-
ing and isokinetic knee extension. b Distribution of the measured var-
iables of the reviewed articles.» Electromyographic signals.e Ground

mass/weight and five studies [12, 13, 15-17] did not men-
tion the body height of the subjects. Note that some studies
presented the mass of the subjects as body mass or as body
weight (both expressed in kg).

Four studies [5, 12, 13, 18] analyzed more than one
movement (Fig. 3a). Thirteen studies considered the sub-
jects’ walking gait, with six being performed at constant
speed [6, 12, 13, 16, 19, 20] and seven at different speeds
[5, 7, 15, 21-24]. One study analyzed vertical jumps [17]
and another study analyzed a drop landing task and isoki-
netic knee extension [18]. Three studies analyzed the knee’s
flexion and extension [13, 14, 25] and two acquired data in
static conditions [12, 18]. One study analyzed running at
different speeds [5].

Studies reported different measured variables during the
experimental procedure, with fifteen [5—7, 14-25] measur-
ing more than one variable (Fig. 3b). The kinematic data of
markers placed on key anatomical landmarks was measured
by thirteen studies [5—7, 15-24], and the electromyography
(EMG) activity of lower limb muscles was measured in
twelve studies [5, 7, 12, 14, 16, 18-23, 25]. Twelve stud-
ies [5-7, 15-21, 23, 24] measured ground reaction forces
(GRF) and two [22, 23] kinetic data. Knee flexion and exten-
sion torques [13], angular displacement of the knee joint
[25], external loads applied above the ankle joint and hip,
knee and ankle joint angles [14], and muscle volumes and

(b)

reaction forces.e Kinetic data.e Kinematic data of markers placed on
key anatomical landmarks.e Knee flexion and extension torques.s
Angular displacement of the knee joint.e External loads above the
ankle.s Joint angles of hip, knee and ankle.e Muscle volumes and
moment arms. (Color figure online)

moments arms [18] were the variables of interest of four
different studies.

An array of different of equipment was used to perform
experimental movement analysis (Table 1). Motion capture
systems were used in thirteen studies [5-7, 13, 15, 17-24],
force plates were used in also thirteen studies [5-7, 12,
13, 15, 17-23] and eleven studies [7, 12, 14, 16, 18-23,
25] used EMG collection devices. Five studies [5, 16, 20,
22, 24] used treadmills and only one [18] used a magnetic
resonance imaging (MRI) system. Three studies [13, 18,
25] used dynamometers and other equipment, such as load
device and load cell [14], triaxial electrogoniometer [25],
and a optoelectronic digitizer, a 10-m walkway and a mini-
computer [12].

3.4 Musculoskeletal Model Characteristics

Four studies [8, 12, 14, 25] used a musculoskeletal model
of the knee joint, whilst the remaining utilized models of
the lower limb. The characteristics of the musculoskeletal
models are presented in Table 1. Fourteen studies [5, 8—10,
12-18, 20, 21, 25] detailly described the composition of
their models in terms of segments and joints, whilst the other
seven studies [6, 7, 11, 19, 22-24] only referred to either one
or neither of them (segments or joints) or their number. Most
of the studies reported the software used for the construction
of the biomechanical model and its simulation, including the

@ Springer
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(a)

Fig.4 a Distribution of the software used to construct and to simulate
the biomechanical models of the studies.. Anybody Modelling Sys-
tem.s OpenSim.e Matlab.e SIMM.e No information. b Distribution of
the optimization strategy used.e Quasi-Newton non-linear minimiza-
tion method.e Static optimization.e Linear/non-linear optimization.e

SIMM, Matlab, OpenSim and AnyBody Modelling Systems
(Fig. 4a). Six studies [7, 8, 1012, 25] did not provide infor-
mation on the software used.

Eight studies [9, 10, 12, 14, 18, 20, 21, 25] did not use a
previously developed biomechanical model, creating their
own instead. In turn, thirteen studies [5-8, 11, 13, 15-17,
19, 22-24] used models previously reported in the literature.
The number of degrees of freedom varied from 1 to 46, with
six studies [10, 12, 14, 17, 18, 21] not referring this param-
eter. All studies included muscles (hill-type muscle model,
models developed by other authors or by the study authors
themselves) and five studies [8, 11, 12, 15, 17] also included
ligaments to more accurately mimic the musculoskeletal sys-
tem. Twelve studies did not refer the muscle path [6, 8, 9,
13, 15, 16, 18-21, 23, 24]. When reported, the muscle paths
were considered as wrapping surfaces or points, line seg-
ments, space curves and via cylinders or points.

As simulation strategy, ten studies [5, 9, 13, 15, 16, 18,
20, 21, 23, 24] used forward dynamics, seven studies [6, 7,
13,17, 19, 22, 25] used inverse dynamics and three studies
[13, 19, 22] used inverse kinematics. Three studies [13, 19,
22] used more than one simulation strategy, and five studies
[8, 10-12, 14] did not mention it. Overall, the studies used
an optimization strategy to look for parameters that, once
input into the biomechanical model, made it pertain a gait
as desired regarding the aim of the study. The optimization
strategies utilized can be seen in Fig. 4b.

@ Springer

(b)

Optimization toolbox of Matlab.. Dynamic optimization.e Computed
Muscle Control.e Genetic Algorithm.e Inverse Kinematics.e Nedler-
Mead method.e No information.e CIA and PIA.e Min/max recruit-
ment criterion. (Color figure online)

3.5 Alterations Performed to the Musculoskeletal
Model

In all reviewed studies using a previously developed biome-
chanical model, it was analyzed the alterations performed to
the original model in order to adapt it to the authors’ needs.
For instance, Arnold et al. [5] used a model developed by
Arnold et al. [26] and increased the knee range of motion
(ROM), strengthened the muscles to reflect young athletic
subjects, increased the maximum shortening velocity and
increased the Achilles tendon compliance in accordance to
ultrasound studies. Other alterations found in the reviewed
studies consisted in utilizing different cost or objective func-
tions to optimize the biomechanical model, to perform the
scaling of the model so it could mimic different subjects with
different anthropometric characteristics, to alter the ground
contact model, amongst the others presented in Table 1.

3.6 Validation Datasets

The validation process mostly consisted in comparing
the study’s results with the ones existing in the literature.
Besides this strategy, four studies [12, 22, 23, 25] compared
the obtained simulated muscle activation patterns with the
experimentally measured EMG activity. One study [15]
compared the results of the contact models implemented
between each other, as well as with the obtained experimen-
tal results. In addition to comparing their results to other
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authors, Roelker et al. [23] also compared joint moments
predicted by simulated muscle forces to results from inverse
dynamics analysis and experimental moments. Tsai et al.
[18] compared the net knee joint moment calculated by the
MRI, the generic and scaled models between each other.
Xiao and Higginson [24] compared the OpenSim simula-
tions of all models to experimental walking data.

3.7 Modelling Conditions

Different modelling conditions were utilized to limit the
results’ search space and to obtain results within normal
physiological conditions (Table 1). Modelling conditions
comprised data associated with muscle, tendon and ligament
characterization [5, 8—14, 16-21, 24, 25], models’ geometric
considerations and properties [6, 8, 11, 12, 15, 17, 20, 21],
ground contact model [7, 9, 16], degrees of freedom [22,
25], joints modelling [8, 9, 22], moments [14], and scaling
and marker errors [23].

3.8 Estimated Parameters

The most common estimated parameters included muscle
and joint forces and moments, muscle activation patterns,
joint angles and muscle fibers velocities. Other examples
can be found in Table 1. Ten studies only analyzed these
parameters in relation to the knee joint [6, 8, 11-14, 18, 21,
22, 25], whilst the remaining studied the entire lower limb.

4 Discussion

The present systematic review gathered and analyzed the
characteristics and methods employed in the development
of human lower limb and knee joint musculoskeletal models
available in the scientific literature. This information can be
used by model developers and users to compare, adapt and
fine-tune their musculoskeletal models according to their
specific needs.

Studies used different number of body segments to con-
struct their musculoskeletal model, with some studies using
more segments than others. However, depending on the
purpose for which it is to be used, more or less complexity
may be added to the model. For instance, if a single joint
is being studied, it should be prioritized a more detailed
and complex biomechanical modelling of that specific joint
(e.g. knee joint), rather than using a model representing the
entire lower limb or including the torso and upper limbs.
Generally, studies that included only the knee joint [8, 12,
25] incorporated the patella, except for Lloyd and Buchanan
[14]. This segment may be removed if a less computational
burden is desired and if it is beyond the study’s aim, that is,
if the movement of the patella does not significantly affect

the parameter(s) under analysis. Lloyd and Buchanan [14]
aimed to determine the load sharing between muscles and
other soft tissues comprised around the knee joint, and mod-
elling the patella was not necessary for this purpose as it did
not influence the evaluation of those parameters. Besides the
patella, to model the knee joint, lower limb models mostly
incorporated the femur and the tibia bone segments and
excluded the fibula, thus, diminishing model’s modelling
complexity. Only two knee studies [14, 25] have included
the fibula on the representation of the leg.

The number and type of segments included in the mod-
els representing the entire lower limb varied substantially,
comprising at least four segments. The simplest models [9,
10, 17, 21] contain a unique segment representing the entire
upper extremity (pelvis, HAT or trunk), and three segments
characterizing each lower limb (thigh, leg and foot). The
use of at least these four segments is therefore suggested to
be used in lower limb musculoskeletal models to analyze
the dynamics of human movement. Incorporating a more
detailed modelling of the human anatomy—for instance
including the fibula, patella and bones of the foot—increases
the computational burden, decreasing simulation’s efficiency
and may not be essential for obtaining the study’s results.
Also, modelling the human torso and upper limbs should
be considered when their influence on the physiological
task being tested is relevant, otherwise can be omitted or
represented by a HAT/trunk/pelvis segment. The choice of
the musculoskeletal model complexity should be tailored to
the purpose of the study, as well as to how much detail the
model should comprise to obtain the study’s parameters and
outcomes according to the human physiological dynamics
desired. This should be considered during the model devel-
opment to avoid non-essential components that can result in
additional computational burden.

The analyzed models involving the entire human lower
limb included at least the three major articulations of this
anatomical structure, namely hip, knee and ankle joints [5,
9, 10, 17, 18, 21]. Besides utilizing these three joints, De
Groote et al. [13] also included a spherical joint connecting
the HAT to the pelvis and Lemieux et al. [6] used a muscu-
loskeletal model of the entire body, including joints of the
upper limb (shoulder, elbow, radio-ulnar and wrist joints).
Lerner et al. [22] contains a more detailed representation
of the foot, including the subtalar and metatarsophalangeal
joints, while Lim et al. [7] also comprises the third lumbar
vertebra. Other models have included the mid-foot and toes
[15, 16, 20], whilst Xiao and Higginson [24] only referred
that twelve joints were used and did not describe them. Shel-
burne et al. [11] used two models in their study. A three-
dimensional model of the body was utilized to calculate
muscle forces of the leg and was composed by joints at the
pelvis, third lumbar vertebra, hip, knee, ankle and hindfoot/
toes. The other model was used to calculate knee-ligament
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forces and was composed by the hip, tibiofemoral, patel-
lofemoral, hindfoot and toes joints. Considering this analy-
sis, it is recommended that at least the hip, knee and ankle
joints are included in the musculoskeletal model to prop-
erly model the human lower limb. Also, based on the ana-
lyzed literature, a segment modelling the upper extremity
is required and, therefore, joints connecting it to the lower
limbs are important—for instance, Geyer and Herr [9] used
the hip joint to connect the HAT to both lower limbs. More
specific joints, such as the patellofemoral joint, should be
utilized if a more detailed study is intended to be carried out
and/or if their inclusion influence the study’s results.

The modelling of the muscles has an important role to
simulate their action during physiological tasks. The Hill-
type muscle model was the most commonly utilized [5-7,
9, 13-16, 18-20, 24], but a few studies opted to develop
their own muscle model. Chen et al. [21] incorporated 10
muscles and created a muscle model including muscle bio-
electrical activation, muscle contraction mechanical and
muscular function models. Similarly, Hoy et al. [10] devel-
oped a musculotendon actuator model, including a contrac-
tile element in series with a linear elastic tendon. Cleather
and Bull [17], Kaufman et al. [25] and Shelburne et al. [11]
used muscle models developed by other authors. Since the
majority of the studies used the Hill-type muscle model, it
may be adequate for simulations of human movement. How-
ever, this model describes the force—velocity relation only
for concentric muscular contractions and it is only related to
maximally activated muscles, not being applicable to muscle
actions performed during most daily activities [190]. There-
fore, to test more specific situations or situations that are not
predicted by this muscle model, for instance, if eccentric
muscular contractions are intended to be studied, this model
is not adequate and another one should be utilized. Even
though these limitations exist, authors continue to use the
Hill-type muscle model and their results are adequate and
within physiological conditions. The choice of the muscle
model to incorporate in the musculoskeletal model should
rely on the purpose of the study. Independently of the num-
ber of segments, joints, muscles and muscle model utilized,
the studies presented good agreement with the physiological
dynamics of human movement reported in literature or in
experimentally measured data. This is a crucial step before
implementing the model in experimental settings.

The methodological quality of the analyzed studies
should also be addressed. The major concern identified was
the poor description of model parameters (only two studies
achieved high quality) which is crucial to compare results
and drawing out conclusions among models. There was no
standardization of the description of the biomechanical mod-
els which precluded direct comparison between all studies
in all variables. It is recommended the use of the parameters
displayed in the summary table developed in the presented
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systematic review as a strategy to implement in future stud-
ies, avoiding inconsistent reporting and harmonizing bio-
mechanical modelling of the lower limb and knee joint.
The strategy should be applied to reporting of participant
characteristics and definition of movement tasks, equipment
design and experimental set up. The reporting of alterations
performed to the model, statistical methods, study limita-
tions and conclusions must also be clearly and systematically
described in future studies.

Some limitations of this systematic review are important
to be mentioned. This review only included studies related to
musculoskeletal models of the lower limb or knee joint only
that studied normal physiological human movement, such
as walking, jumping or running. Therefore, models includ-
ing exclusively the hip and ankle joints were not included.
Conference proceedings, articles that were not written
in English and studies that did not focus only on healthy
articulations or studied pathological conditions were not
considered. In addition, studies including subject specific
and/or two-dimensional musculoskeletal models were also
not considered. This led to the exclusion of several studies
that, although reported important aspects, did not fulfil the
eligibility criteria.

5 Conclusion

Musculoskeletal models of the human lower limb and knee
joint only were analyzed and the characteristics and methods
utilized in their development were systematically reported.
Even though the twenty-one reviewed studies were able to
reproduce the dynamics of physiological tasks similar to
results reported in literature and to experimentally measured
records, there is a high reporting heterogenicity between
the models analyzed and a lack of precise standardization
methods reported (such as the data collection and extraction
table presented in this review), which hinder more definitive
conclusions. The characteristics reported in this review can
be used by model developers and researchers to build or
fine-tune their models. Future studies should aim to clearly
and systematically report the model parameters discussed
in this review to harmonize the biomechanical modelling of
the lower limb and knee joint.
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Appendix 1

See Table 2.

Table 2 Example of search

Search Search terms Results

strategy for the PubMed

database 1 Human knee 128,399
2 Knee 150,217
3 Knee joint 87,080
4 10R20R3 150,217
5 Biomechanical 126,978
6 Biomechanical model 27,185
7 Knee biomechanical 17,075
8 Biomechanical analysis 42,501
9 Musculoskeletal 72,992
10 Musculoskeletal model 6607
11 S5OR60OR70R80ORI9OR 10 194,850
12 Muscle force 43,700
13 Mechanical force 38,554
14 Muscle reaction 51,148
15 120R 13 0OR 14 121,664
16 Prosthesis 526,750
17 Prostheses 488,550
18 Pathology 3,223,371
19 Injury 1,285,113
20 Replacement 282,517
21 Arthroplasty 78,248
22 Loss 849,172
23 Deficit 111,768
24 Reduction 1,064,506
25 Pain 737,223
26 Disorder 4,540,414
27 Rehabilitation 556,766
28 Unhealthy 10,538
29 Reconstruction 333,707
30 Graft 301,612
31 Disease 4,112,261
32 16 OR 17 OR 18 OR 19 OR 20 OR 21 OR 22 OR 23 OR 24 OR 25 10,171,703

OR 26 OR 27 OR 28 OR 29 OR 30 OR 31

33 4 AND 11 AND 15 NOT 32 108
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Appendix 2

See Table 3.

Table 3 Methodological quality assessment results obtained from
the selected studies. Q1: Are the research objectives clearly stated?,
Q2: Is the scientific context clearly explained?, Q3: Is the muscu-
loskeletal model adequately described?, Q4: If any, were the model
alterations clearly described?, Q5: Were participant characteristics
adequately described?, Q6: Were movement tasks, equipment design,
and set up clearly defined?, Q7: Was the evaluation strategy appropri-
ately justified?, Q8: Were the analytical methods clearly described?,

Q9: Were the statistical methods justified and appropriately described
(other than descriptive statistics)?, Q10: Was the validation procedure
clearly described?, Q11: Were the direct results easily interpretable?,
Q12: Were the main outcomes clearly stated and supported by the
results?, Q13: Were the limitations of the study clearly described?,
Q14: Were key findings supported by other literature?, Q15: Were
conclusions drawn from the study clearly stated?

First author, year Questions Score (%)
Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Ql1 Q12 QI3 Q14 QIS
Arnold (2013) [5] 2 2 2 2 1 2 2 2 2 2 2 2 2 2 1 93.3
Chen (2017) [21] 2 2 1 0 2 2 2 2 2 2 2 2 1 2 2 86.7
Ciszkiewicz (2016) [8] 2 2 1 2 0 0 2 2 0 2 2 2 0 2 2 70.0
Cleather (2011) [17] 2 2 1 2 1 2 2 2 1 2 2 2 2 2 1 86.7
Geyer (2010) [9] 2 2 1 0 0 0 2 1 1 2 2 2 0 2 1 60.0
De Groote (2010) [13] 2 2 1 2 1 2 2 1 0 2 1 2 0 1 1 66.7
Hoy (1990) [10] 2 2 1 0 0 0 2 2 0 2 2 2 0 2 1 533
Kaufman (1991) [25] 2 2 1 0 2 2 2 2 2 2 2 2 0 1 2 80.0
Lemieux (2017) [6] 2 2 1 2 1 1 2 1 0 2 1 2 2 2 1 73.3
Lerner (2014) [22] 2 2 1 1 2 2 2 2 2 2 2 2 2 2 1 90.0
Lim (2017) [7] 2 2 1 2 2 2 1 2 1 2 1 2 2 2 1 83.3
Lloyd (1996) [14] 2 2 1 0 2 1 1 2 1 2 1 2 1 2 1 70.0
Lopes (2016) [15] 2 2 1 2 1 1 2 2 0 1 2 2 2 0 1 70.0
Martelli (2015) [19] 2 2 1 1 1 1 1 1 1 2 2 2 2 2 1 73.3
Mikosz (1988) [12] 2 2 1 0 1 1 2 1 0 1 1 2 2 0 1 56.7
Neptune (2011) [16] 2 2 2 1 1 1 1 2 0 2 2 2 2 2 1 76.7
Roelker (2017) [23] 2 2 1 1 2 2 1 2 2 1 2 2 1 1 2 80.0
Sasaki (2010) [20] 2 2 1 0 2 1 1 2 0 2 2 2 2 2 1 73.3
Shelburne (2004) [11] 2 2 1 0 0 0 1 1 0 2 2 2 2 2 1 60.0
Tsai (2012) [18] 2 2 1 0 2 2 2 1 2 2 2 2 2 1 1 80.0
Xiao (2010) [24] 2 2 1 2 2 2 1 2 0 1 2 2 0 1 2 73.3
Average 20 20 11 10 12 13 16 17 12 18 1.8 2.0 1.3 1.6 1.2 74.1
studies that evaluate health care interventions: explanation and
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