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A B S T R A C T   

Background: Biomechanical studies of the shoulder often choose an ex vivo approach, especially when investigating the active and passive contribution of individual 
muscles. Although various simulators of the glenohumeral joint and its muscles have been developed, to date a testing standard has not been established. The 
objective of this scoping review was to present an overview of methodological and experimental studies describing ex vivo simulators that assess unconstrained, 
muscular driven shoulder biomechanics. 
Methods: All studies with ex vivo or mechanical simulation experiments using an unconstrained glenohumeral joint simulator and active components mimicking the 
muscles were included in this scoping review. Static experiments and humeral motion imposed through an external guide, e.g., a robotic device, were excluded. 
Results: Nine different glenohumeral simulators were identified in 51 studies after the screening process. We identified four control strategies characterized by: (a) 
using a primary loader to determine the secondary loaders with constant force ratios; (b) using variable muscle force ratios according to electromyography; (c) 
calibrating the muscle path profile and control each motor according to this profile; or (d) using muscle optimization. 
Conclusion: The simulators with the control strategy (b) (n = 1) or (d) (n = 2) appear most promising due to its capability to mimic physiological muscle loads.   

1. Introduction 

The glenohumeral joint is one of the most complex joints in the 
human body. The incongruency of the smaller glenoid fossa compared to 
the large condyle of the humerus facilitates a large range of motion but 
also makes the glenohumeral joint prone to instability. To provide joint 
stability, various active (e.g. rotator cuff muscles) and passive (e.g. 
glenohumeral capsule) tissues are involved that must be considered 
when investigating glenohumeral biomechanics [1]. 

Previous studies have investigated the role of different factors 
contributing to glenohumeral stability and load, such as anatomy, 
muscle force, motion pattern, or pathology. Because joint load cannot be 
measured noninvasively in the living human, previous studies have used 
ex vivo approaches with shoulder simulators [2,3] or in silico methods 
such as musculoskeletal modelling approaches [4,5]. Shoulder simula
tors have been used to study passive biomechanics of the shoulder, such 
as joint stability due to joint reaction forces and joint concavity [6], 
stability of the glenohumeral capsule [7], and overall stability during 
specific movements (e.g. abduction and late cocking phase) [8]. Other 

groups investigated the role of muscles in glenohumeral biomechanics. 
To mimic the forces exerted by muscles, various shoulder simulators 
have been developed [9–11]. These simulators allow to test surgical 
interventions (e.g., rotator cuff tear repair) or the influence of prosthesis 
design (e.g., reverse shoulder arthroplasty (RSA)) on shoulder biome
chanics to be investigated. 

Although to date a standard defining the design and technical re
quirements is lacking, most simulators agree in their basic design. This 
comprises a clamping mechanism for the scapula and a pulley system 
attached to the tendon inserting into the humerus. Generally, shoulder 
simulators differ in three main aspects: the number of cables to mimic 
the studied muscles, the degrees of freedom (DoF) of the modelled joints, 
and the way the muscles are actuated. Existing simulators can be further 
categorized based on the technical solution utilized to generate the 
muscle forces. The most trivial simulators load the muscle pulley with 
passive loads such as springs or simple counterweights, more advanced 
simulators use active actuators such as pneumatic cylinders or motors to 
mimic increasing muscle forces with increasing abduction angles [12]. 
To our best knowledge, Williamson et al. [12] performed the only 
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systematic review of ex vivo experiments. Specifically, they investigated 
experiments regarding rotator cuff tears and instability. Although they 
identified various experimental setups, few of the included studies used 
dynamic muscle forces. Furthermore, they divided the ex vivo experi
ments into three main topics: shoulder joint orientation and mobility; 
muscle activation and humeral motion; and influence of glenohumeral 
capsule condition. Two of the most important findings of the review [12] 
were that the rotator cuff muscles are mostly statically loaded and that 
only a few simulators load the rotator cuff muscles dynamically. 

Despite lacking precision of anatomical representation or physio
logical muscle recruitment, these simulators are used to answer research 
questions ranging from joint implant loading [2] to the effect of rotator 
cuff muscle activation on glenohumeral kinematics [11] to joint reaction 
forces during daily activities [13]. Williamson et al. [12] focused their 
search on experimental setups for rotator cuff repair and instability and 
not on dynamic and unconstrained motions of the glenohumeral joint 
simulators, thus the most advanced and physiological simulators were 
underrepresented in their review. 

In this scoping review, we focused our search on experiments with 
active glenohumeral joint simulators, hence extending the review by 
Williamson et al. [12]. Specifically, we provide an overview of the ap
proaches to design unconstraint simulators, and describe differences and 
commonalities of ex vivo glenohumeral experimental setups of simula
tors including their strengths and limitations. 

2. Materials and methods 

This scoping review was conducted in accordance with the Joanna 
Bricks Institute methodology for scoping reviews [14] and followed the 
PRISMA reporting guideline [15]. 

2.1. Search 

Text words with synonyms and word variations as well as subject 
headings in the topics ex vivo, simulator, shoulder muscles and biome
chanics were used by a medical information specialist (HE) to conduct a 
search in the databases PubMed, Embase via Elsevier and the Web of 
Science Core collection. We previously published the study protocol 
with the detailed search strategy [16,17]. The search was conducted on 
12 July 2021. Articles published later were not included in this scoping 
review. 

In contrast to the protocol, citation tracking was not fully conducted. 
Based on the included articles, we conducted backward and forward 
citation tracking using the citation chaser tool [18]. However, a test 
screening of 100 abstracts of the 2838 newly found articles with citation 
tracking did not result in any additional information on simulator 
setups. Revisiting our search strategy, we are confident that all currently 
available simulator setups were found. Therefore, we decided to not 
pursue citation tracking any further. 

2.2. Eligibility criteria 

We included studies if the described simulator induced the contin
uous motion through an actuator of muscle forces comprising at least 
three distinct actuators, at least one of which had to be for the deltoid 
muscle and one for the rotator cuff muscles. Studies were excluded if the 
glenohumeral motion was constrained by other than its anatomical 
structures or implants, if the motion was passive (e.g., guided externally 
with a robotic device), or if performed with animal samples. 

2.3. Study selection 

Two reviewers (JG, EC) independently screened titles and abstracts. 
Potentially pertinent articles were retrieved as full-text and again 
screened independently. Any disagreement between reviewers 
regarding eligibility was resolved in discussion with an additional 

reviewer (DB). 

2.4. Study synthesis / analysis 

We qualitatively summarized the extent of the simulators using five 
categories: (i) mechanical aspects of the shoulder simulator; (ii) sensors 
used; (iii) research question; (iv) specimen preparation; and (v) control 
strategies, since all studies used different methodologies. In category (i) 
the mechanical concept was summarized including how and how many 
muscles are actuated. In category (ii) we were interested in the mea
surements performed for the data acquisition and for the feedback 
control. In category (iii), we presented what kind of studies were per
formed with these simulators. In category (iv), we presented what of the 
specimen was used and how they were prepared. In category (v), the 
control strategies are presented. As the glenohumeral joint is an under- 
deterministic system (i.e., a system with more muscles than DoF) we 
elaborated on the researcher’s strategy to solve this problem. 

3. Results 

The electronic database search and removal of duplicates yielded 
3439 abstracts, and the abstract screening yielded 141 eligible papers 
for the full text screening (Fig. 1). After full text screening, 51 papers 
were included. These papers were grouped according to specific simu
lators yielding nine distinct simulators (Fig. 2). 

Because multiple studies were found for most simulators, an identi
fication number (S) was assigned to each simulator (Table 1). 

3.1. Mechanical aspects of the shoulder simulator 

All simulators followed the same principle for designing the active 
muscle forces. The muscle forces are induced by actuators through a 
pulley system to the insertion site of the muscles on the humerus. The 
pulleys are adjusted to recreate the line of action of each muscle. Five 
simulators (S1, S3, S4, S6, S8 [2,10,19–35]) use electromotors to actuate 
the glenohumeral joint. The other simulators use either hydraulic cyl
inders (S2 and S9) [3,36–55] or pneumatic cylinders (S5 and S7 [22–29, 
56]). The design of all simulators allows 6 DoF in the glenohumeral 
joint. Four simulators (S1, S3, S5, S8 [2,9,10,19–21,34,35,57–64]) have 
an additional DoF to rotate the scapula in the scapular plane. 

The simulators vary in their use of active (actuated) and passive (e.g., 
loaded with springs and weights) muscles. The number of active muscles 
ranges from four to eight. While most simulators do not use any passive 
muscles, Dyrna et al. [22–29] (S4) loaded the infraspinatus and sub
scapularis muscles with constant weights, and Payne et al. [56] (S7) 
created a passive load of the biceps muscle via a static pressure in a 
pneumatic cylinder. The middle portion of the deltoid muscle is included 
in all simulators, whereas the anterior and posterior portion of the 
deltoid is used in six of nine simulators (S1, S2, S4, S6, S7, S9 [2,3, 
22–33,36–45]). The rotator cuff muscles (supraspinatus, infraspinatus, 
and teres minor muscles) are included in all simulators, but the infra
spinatus and the teres minor muscles were always combined as a single 
muscle. The pectoralis major and latissimus dorsi muscles are used as 
active muscles in four simulators (S1, S3, S5, S6 [2,9,19,21,30–33, 
46–64]). For S1 [2] seven actuators were specified, but eight muscles are 
reported in their results section. 

3.2. Sensors 

Five simulators (S1, S3–6 [2,9,19,22–33,57–64]) measure the kine
matics using an optical tracking system. However, S3 uses an optical 
tracking system only in the study of Bouaicha et al. [19] for measuring 
humeral head translations, but glenohumeral joint angles are measured 
using a 6 DoF inertial measurement unit [10,19–21]. The simulator S2 
[3,36–45] tracks the 6 DoF of the glenohumeral joint using a magnetic 
tracking device. S7 [56] measures the angular position of the 
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glenohumeral joint using a rotation gauge. S8 [34,35] determines the 
angular position of the glenohumeral joint using the actuator position of 
the deltoid muscle and the scapular motor position to measure the 

scapular abduction. S9 [46–55] measures the glenohumeral kinematics 
using six ultrasonic tracking devices. For S4 [22,26,27,29] it was 
explicitly reported that the actuator positions were measured. 

Fig. 1. Flow diagram for the scoping review process according to the PRISMA statement (2020).  

Fig. 2. Illustrations of the simulators. Please see the note at the end of the paper, containing license details for figure reuse.  
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Table 1 
Overview of experimental shoulder simulators. Legend: DELTA—anterior deltoid; DELTM—middle deltoid; DELTP—posterior deltoid; SSP—supraspinatus; 
ISP—infraspinatus and teres minor; SSC—subscapularis; PM—pectoralis major; LD—latissimus dorsi; CSA—critical shoulder angle; EMG—electromyography; 
RSA—reverse shoulder arthroplasty; SA—shoulder arthroplasty.  

General Mechanical System Control System 
ID Country Specimen 

type 
Research 
Question 

DoF Active 
muscles 

Passive 
muscles 

Muscle 
insertion 

Measurements Sensors Control 
strategy 

Motion 

S1[2] Australia Fresh 
frozen 
cadaveric 
shoulders 

Biomechanics 
after RSA 

7 DELTA, 
DELTM, 
DELTP, 
SSP, ISP, 
SSC, PM, 
LD 

None Anatomical 
sites on the 
cadaver 

Muscle-, joint 
forces, 
kinematics 

6-Camera optical 
tracking system 
(kinematics), 
universal joint 
force sensor (joint 
load), load cells 
(muscle forces) 

2:1 scapulo- 
humeral 
rhythm; pre- 
estimated 
muscle froces 

Abduction 
/ flexion 

S2[3,36–45] USA Fresh 
frozen 
cadaveric 
shoulders 

Capsule injury 
biomechanics, 
general 
shoulder 
biomechanics, 
simulator 
validation, 
rotator cuff tear 

6 DELTA, 
DELTM, 
DELTP, 
SSP, ISP, 
SSC 

None Anatomical 
sites on the 
humerus, 
scapular 
muscle 
origins are 
estimated 
from a prior 
conducted 
MRI 

Muscle-, joint 
forces, 
kinematics 

Magnetic tracking 
device 
(kinematics), 
universal joint 
force sensor (joint 
load), load cells 
(muscle forces) 

Constant 
muscle force 
ratio 

Abduction 
/ external 
and 
internal 
rotation 

S3[10,19–21] Switzerland Thiel- 
fixed 
cadaveric 
shoulders 

Simulator 
validation, CSA 

7 DELTM, 
SSP, ISP, 
SSC, PM, 
LD 

None Anatomical 
sites on the 
humerus, 
scapular 
origin fixed 
except 
deltoid 
origin, 
deltoid origin 
is varied to 
change the 
CSA 

Muscle-, joint 
forces, 
kinematics 

IMU (joint angles), 
optoelectronic 
motion capture 
system (joint 
translations), 6- 
axis load cell (joint 
forces), load cells 
(muscle forces) 

2:1 scapulo- 
humeral 
rhythm; 
Constant 
muscle force 
ratio 

Abduction 

S4[22–29] USA Fresh 
frozen 
cadaveric 
shoulders 

Capsule injury 
biomechanics, 
rotator cuff 
tear, 
biomechanics 
after SA 

6 DELTA, 
DELTM, 
DELTP, 
SSP 

ISP, SSC Anatomical 
sites on the 
humerus, 
estimated 
from scapular 
bony 
landmarks 

Muscle-, joint 
forces, 
kinematics, 
actuator position 

Optical tracking 
system and live 
fluoroscopy 
(kinematics), load 
cells (muscles 
forces), actuator 
position 

Calibrated 
motion 
profiles of 
each actuator 

Abduction 

S5[9,57–64] Canada Fresh 
frozen 
cadaveric 
shoulders 

Biomechanics 
after RSA, 
rotator cuff 
tear, general 
shoulder 
biomechanics, 
simulator 
validation 

7 DELTM, 
SSP, ISP, 
SSC, PM, 
LD 

None Anatomical 
sites on the 
humerus, 
deltoid 
origins are 
adjusted until 
the EMG 
based ratios 
resulted in 
scapular- 
plane 
abduction 

Muscle-, joint 
forces, 
kinematics 

Optical tracking 
system 
(kinematics), 
load cell in RSA 
(joint force), air 
pressure sensor 
(muscles forces), 
load cell (deltoid 
muscle) 

Variable 
scapulo- 
humeral 
rhythm; EMG 
based muscle 
ratios with 
three 
individual 
PID 
Controllers 

Abduction 
/ flexion / 
external 
and 
internal 
rotation 

S6[30–33] USA Fresh 
frozen 
cadaveric 
shoulders 

Biomechanics 
after RSA, 
rotator cuff tear 

6 DELTA, 
DELTM, 
DELTP, 
SSP, ISP, 
SSC, PM, 
LD 

None Anatomical 
sites on the 
humerus, 
scapular 
muscle 
origins not 
reported 

Muscle-, joint 
forces, 
kinematics 

Optical tracking 
system 
(kinematics), load 
cells (muscle 
forces) 

Real time 
static muscle 
optimization 

Not 
reported 

S7[56] USA Fresh 
frozen 
cadaveric 
shoulders 

Impingement 
syndrome 

6 DELTA, 
DELTM, 
DELTP, 
SSP, ISP, 
SSC 

Long 
head of 
the 
biceps 

Anatomical 
sites on the 
humerus, 
deltoid 
origins are 
adjusted until 
the EMG 
based ratios 
resulted in 
scapular- 
plane 
abduction 

Muscle-, joint 
forces, 
kinematics, 
pressure under 
coracoacromial 
arch 

Rotational gauge 
(internal / 
external rotation 
and elevation), 
load cells (muscle 
forces), 5 pressure 
transducer 
(coracoacromial 
arch pressure) 

EMG based 
muscle force 
ratios 

Abduction 

S8[34,35] USA Fresh 
frozen 

Rotator cuff 
tear, general 

7 DELTM, 
SSP, ISP, 
SSC 

None Anatomical 
sites on the 
cadaver 

Muscle-, joint 
forces, 

Deltoid actuator 
and scapula 
actuator position 

1.5:1 1 
scapulo- 
humeral 

Abduction 

(continued on next page) 
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S1–S3, and S5 [2,3,10,19–21,38–41,43,44,59,60,64] measure the 
glenohumeral joint forces using a universal force/moment sensor. 
However, only in three studies [59,60,64] on S5, an integrated sensor in 
the implanted RSA was used to measure the joint forces. Eight simulators 
(S1–S4, S6–S9 [2,3,10,19–56]) measure the actuator forces using force 
cells. The developers of S5 reported one force cell for the middle portion 
of the deltoideus muscle [9] and stated that the pneumatic actuators 
were pressure-controlled [57]. 

S7 [56] measures the coracoacromial arch pressure using five pres
sure sensors, whereas S9 uses 168 capacitive pressure sensors to mea
sure the pressure in the coracoacromial arch [49,51,52]. 

3.3. Research question 

Of the 51 studies, 14 investigated rotator cuff tears [23–27,32,34,39, 
40,44,45,60,62,63], 13 the general biomechanics of the glenohumeral 
joint [3,9,35,38,41,42,47,48,53–55,61,65], eight the biomechanics 
after RSA [2,30,31,33,57,59,60,64], five the glenohumeral capsule 
injury [22,29,36,43,46], six the impingement under the coracoacromial 
arch [49–52,56,65], three the critical shoulder angle [19–21], one the 
biomechanics after anatomical shoulder arthroplasty [28] and four 
validated their simulator [10,37,57,58]. 

3.4. Specimen preparation 

Overall, 49 studies used cadaveric specimens, of which two studies 
[19,21] used Thiel’s fixation method to conserve the cadaveric tissue 
and all others used fresh frozen cadaveric shoulders. Two studies used a 
metallic dummy as humerus and a polyethylene dummy as glenoid [10, 
20]. 

While in general the specimens were dissected and the tendon 
insertion at the humerus as well as the capsular complex were left intact, 
some individual differences in specimen preparation amongst studies 
were present. The studies conducted on S1 [2] and S2 [3,36–45] 
removed mainly soft tissue proximal to the glenohumeral joint and the 
muscle tissue of the muscles to be simulated leaving only the tendon 
insertion intact. All other studies dissected the humerus distal to the 
insertion of the deltoid muscle. This led to a loss of the arm weight which 
was then replaced with a concentrated mass ranging from 1.7 kg [22] to 
3.5 kg [30,31] at an estimated centre of mass ranging from 30 cm [10, 
21–29] to 31.5 cm [30]. The studies using S5 [9,57–64] did not report 
the mass added to the humerus. Moor et al. [21] and Bouaicha et al. [19] 
(S3) removed the capsule to separate the scapula from the humerus. To 
study the capsule, Apreleva et al. [36] (S2) created a Bankart lesion 
artificially, whereas Hurschler et al. [46] (S9), McMahon et al. [43] (S2) 
and Scheiderer et al. [29] (S4) created a capsule lesion artificially. In 
nine studies [2,28,30,31,33,57,59,60,64] (S1, S4-S6), total shoulder 

arthroplasty was performed. 
The scapula of S2 and S4 is mounted in a 6-DoF mounting jig [22-26, 

28,29,37,40,42]. In S3 the glenoid inclination could be adjusted [19]. 
The researcher using S5 mounted the scapula rigidly with a 10◦ upwards 
inclination of the glenoid [57,59,60,64]. The researchers of S6, S7 and 
S9 mounted the scapula rigidly into the simulator with 10◦ ventral 
inclination and the margo medials was aligned with the vertical axis 
[30–32,46–56,65]. Whereas the researchers of S1 and S8 did not report 
how they orientated the scapula in the simulator. 

3.5. Control strategy 

Various control strategies were employed. The most common strat
egy was to use a constant ratio to share the load between muscles. 
Baumgartner et al. [10]. used a prime loader, the deltoid muscle, to 
initiate abduction (S3). The deltoid is driven by the abduction angle 
controlled with a proportional, integral, and derivative (PID) controller. 
The supraspinatus muscle is loaded by a constant ratio proportional to 
the load of the deltoid muscle. The infraspinatus muscle is controlled by 
a position PID controller of the internal/external rotation of the hu
merus, whereas the subscapularis muscle is controlled by a force 
controller which uses the mean loads of the subscapularis and infra
spinatus muscles as feedback. The pectoralis major and infraspinatus 
muscles are loaded by an electromyography (EMG) based activation 
ratio in relation to the abduction angle taken. Other developers used a 
similar approach where all muscles are loaded with a constant ratio, but 
the muscle force ratios differed amongst studies (S2, S7-S9 [3,35,36,42, 
45,54,56]). In one of the simulators, the developers extended this 
strategy to variable EMG based ratios (S5) [9,66]. The EMG patterns 
were derived from Kronberg et al. [67]. In later studies, Giles et al. [57, 
58] improved this simulator even further and implemented a 
multi-parallel PID controller. Each DoF is controlled by one PID 
controller. The primary PID controller evaluates the desired forces to 
abduct the humerus and determines the resultant force of the three 
deltoid segments. The sums based on the variable EMG based ratios [9, 
66] (plane of abduction DoF: sum of the anterior and posterior portion of 
the deltoid muscle; axial rotation DoF: sum of the subscapularis and 
infraspinatus/teres minor muscles) multiplied by the resultant force of 
the deltoid are used as input for the secondary PIDs (abduction plane 
and internal rotation). These PIDs reapportioned the total applied 
muscle force to their controlled muscles. Lastly, a PID is implemented to 
control the rotation of the scapula with a direct current (DC) motor. 

Dyrna et al. [26,27] abducted the humerus to its target value to 
calibrate each muscle force at the target abduction (S4). For the actual 
test, a preload of the muscles was applied and then increased linearly 
until the force at the target abduction was achieved. Two simulators (S1, 
S6 [2,30,31]) estimate the muscle forces using a musculoskeletal model. 

Table 1 (continued ) 

General Mechanical System Control System 
ID Country Specimen 

type 
Research 
Question 

DoF Active 
muscles 

Passive 
muscles 

Muscle 
insertion 

Measurements Sensors Control 
strategy 

Motion 

cadaveric 
shoulders 

shoulder 
biomechanics 

kinematics, 
length of deltoid 

(abduction and 
scapula rotation), 
force transducers 
(muscle forces) 

rhythm; 
position 
control of the 
deltoid 

S9[46–55,65] Germany Fresh 
frozen 
cadaveric 
shoulders 

Impingement 
syndrome, 
capsule injury 
biomechanics, 
general 
shoulder 
biomechanics, 

6 DELTA, 
DELTM, 
DELTP, 
SSP, ISP, 
SSC 

None Anatomical 
sites on the 
humerus, 
scapular 
muscle 
origins are 
estimated 
from a prior 
conducted 
MRI 

Muscle-, joint 
forces, 
kinematics, 
pressure sensor 
at 
coracoacromial 
arch 

6 ultrasonic 
sensors 
(kinematics), load 
cells (muscle 
forces) 

Constant 
muscle force 
ratio 

Abduction  
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Ackland et al. [2]. estimated the muscle forces a priori, whereas Gulotta 
et al. [30,31] implemented a real time optimizer that estimates the 
muscle forces needed to move the humerus. This optimizer uses a static 
muscle optimization technique minimizing the sum of the cubed muscle 
stresses. 

4. Discussion 

We described existing unconstrained simulators that can be consid
ered the most advanced simulators as they overcame the most promi
nent simplification of constraining the motion or guiding the motion. 
The mimicking muscles are an essential part of unconstrained simulators 
to ensure stability and motion in the joint. While the rotator cuff muscles 
and the middle deltoid muscle are at least incorporated in all simulators, 
none of the reported simulators included the biceps, triceps, teres major 
or the coracobrachialis muscles as active muscles. S1 [2] and S6 [30–33] 
had the most muscles (eight). All simulators represented the rotator cuff 
muscles and at least one segment of the deltoid muscle. The number of 
muscles to be represented in a glenohumeral simulator remains open 
and depends on the specific research question. Although several studies 
have advanced our insight into the role of muscles for joint motion and 
stabilization, [68,69] the consideration of muscular activity in general 
remains highly debated [70]. Kian et al. [71] compared static muscle 
optimization to EMG based optimization and showed that the activity of 
antagonistic muscles is underestimated. Thus, adding antagonistic 
muscles to the simulators increases its physiological significance in most 
research questions regarding glenohumeral joint mechanics. 

Most glenohumeral simulators in our review recreated only the 
motion of the humerus, where the scapula is assumed to be fixed. Only 
few simulators (S1, S3, S5, S8 [2,9,10,19-21,34,35,57–64]) incorpo
rated the scapular motion, which is restricted within the scapular plane. 
Already in the 1940s, Inman et al. [72] observed an average scap
ulohumeral rhythm of 2:1 (humeral to scapular motion) after 30◦ of 
abduction or 60◦ of flexion. McQuade and Smith [73] evaluated a 
non-linear scapulohumeral rhythm with a dependence on shoulder load. 
This is a major limitation in all presented simulators. None of the sim
ulators go beyond the scapulohumeral rhythm of 2:1. The scapular po
sition affects the joint reaction force in the glenoid even if only the 
gravitational force of the humerus is considered. Furthermore, most 
simulators restrict humerus motion to abduction in the scapular plane, 
whereas only S1, S2 and S5 reported an expansion of the motion of the 
humerus to flexion, internal rotation, and flexion and internal rotation, 
respectively. 

All simulators used at least one sensor to determine the kinematics of 
the glenohumeral joint and all simulators measured the muscle forces. 
Some simulators measured joint reaction forces (S1–3, S5 [2,3,10, 
19–21,38–41,43,44,59,60,64]) while others measured joint contact 
pressures (S7 [56] and S9 [49,51,52]). However, the joint contact 
pressures were only measured in the coracoacromial vault since the 
sensors do not fit into the glenohumeral spacing and would alter the 
mechanics within the joint. 

To relate the measurements of the simulators as closely as possible to 
a native anatomical setting, they all were used at least once in an ex vivo 
study. Regarding specimen preparation, two main approaches were 
pursued: either as little or as much as possible was dissected. For 
instance, the studies conducted on S1 [2] and S2 [3,36–45] removed 
only the soft tissues proximal to the glenohumeral joint and the simu
lating muscles. With this approach the specimen-specific mass distri
bution was kept mostly intact. The other approach left only the muscle 
insertion intact and compensated for the lost arm mass by attaching an 
additional weight. Other variations in preparation were mostly due to 
the nature of the study question (e.g., condition of the glenohumeral 
capsule, implants, and rotator cuff repair). 

Overall, the mechatronic design of glenohumeral simulators requires 
actuation for the transmission of musculotendinous forces, sensors to 
detect the current state, and inclusion of the most relevant native tissue 

to mimic the in vivo situation. Electromotors are often used for muscle 
actuation because they have high accuracy and short system response 
time. However, they have limited force output. In contrast, pneumatic 
actuators can generate higher force output, and hydraulic actuators can 
produce even higher forces. They are also simple in design, but require a 
supply of compressed air or hydraulic fluids. This compressor or pump 
can be placed separately next to the simulator. 

Measuring kinematics using optical, magnetic, or ultrasonic tracking 
devices provides good accuracy. However, each of these methods also 
has disadvantages. Optical tracking devices require a clear view on the 
markers [2,9,19,22–33,57–64]. Magnetic tracking devices are sensitive 
to electromagnetic interference, so consideration must be given to using 
them with electromotors [3,36–45]. Ultrasonic tracking devices have a 
limited range, and thus placement of the sensors must be carefully 
chosen [46–55]. Rotational gauges [56] and inertial measurement units 
[10,19–21] are inexpensive and easy to integrate into the control sys
tem, but they are less accurate and cannot measure translation. 
Measuring joint position via only the position of the muscle actuator can 
be challenging, depending on the compliance of the cable pulley and the 
dynamic forces involved [22,26,27,29]. 

Joint reaction forces can be measured with 6-DoF force cells, but 
placement must be considered to avoid interference with the native 
tissue of the joint. Muscle forces should be measured in the cable pulley 
system with force cells to obtain accurate measurements. Cor
acoacromial pressure can be measured with pressure sensors, but the 
sensors should be as thin as possible to minimize measurement 
interference. 

The control strategy is of utmost importance for approximating a 
physiological behavior. We identified four principles of control strategy 
to achieve this: (a) using a primary loader to determine the secondary 
loaders with constant force ratios, (b) using variable muscle force ratios 
according to EMG patterns, (c) calibrating the muscle path profile and 
control each motor according to this profile and (d) using muscle opti
mization. Of those four principles, (a) is the most used and apparently 
the least complex to implement in such an under-deterministic system of 
muscles. Principle (b) exploited the potential of principle (a) to its fullest 
and was validated to be highly repeatable [57,58]. Even though the 
EMG data provides a more physiological muscle force pattern than in 
principle (a), the EMG data has to be specific for each motion and pa
thology [74,75]. Principle (c) was used only in S4. The disadvantage of 
using a position-controlled setting in an under-deterministic system of 
muscles is that the muscle forces are most likely determined by the 
stiffness of the pulley system. A change in stiffness would result in 
different muscle force loadings (e.g., surgical repair of the rotator cuff, 
different length of the pulley cable, different material in the system, 
etc.). Principle (d) makes use of muscle optimization. S1 [2] estimates 
the muscle optimization a priori, and S6 [30,31,33] uses a real time 
optimizer to determine the muscle loads. However, no details are pro
vided on how the error control is designed. A real time optimizer based 
on a musculoskeletal model seems to have promising potential, but our 
research revealed no studies on the validation of these simulator types. 

For future generations of physiological glenohumeral simulators, we 
recommend that researchers incorporate scapular motion, improve 
muscular load transmission, carefully consider the control strategy, and 
include as much soft tissue as the design allows. Scapular motion may 
influence muscular load during arm abduction or elevation and provide 
compensatory mechanisms in pathologies. Implementation of the del
toid muscle as several separate segments should be reconsidered 
because muscle wrapping over the bones differs from the in vivo situa
tion. Furthermore, we recommend implementing a control strategy that 
more closely resembles the physiological situation, such as EMG-based 
control or muscle optimization validated against EMG patterns. How
ever, it should be noted that EMG can be influenced by pathology and/or 
bone morphology. In addition, we anticipate that preserving the integ
rity of the soft tissue, particularly the capsule, is crucial, as it may impact 
the translation of the glenohumeral joint upon the release of 
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intracapsular pressure. 
This review of existing ex vivo shoulder simulators is also relevant in 

the context of glenohumeral finite element models. To date, finite 
element models have not been compared or combined with ex vivo 
experimental simulators. Experimental data obtained in physiological 
shoulder simulators may be used to select and design an appropriate 
finite element model, compare their results directly with ex vivo mea
surements and hence provide a validation framework for these models. 

We limited the search in this study to unconstrained, muscular 
controlled glenohumeral simulators, which excluded many other ex vivo 
glenohumeral experimental setups. This may have excluded other me
chanical setups with different preparation methods, sensors, and control 
strategies. 

5. Conclusions 

Various active, muscular controlled simulator designs have been 
reported that mainly differ in their control strategy and scapular motion. 
Here, three simulators shall be highlighted (S1, S4 and S6) in regard of 
their control strategy. The control strategy of S4 is reported in detail, 
and S4 is the only simulator that incorporates position-dependent EMG 
data. S1 and S6 use musculoskeletal optimization to mimic the in vivo 
situation. Although documentation on the error control and validation 
with in vivo data is lacking, this strategy has a large potential for 
mimicking the physiological condition. In particular, a physiologic 
simulation is important as it mirrors the high variation of different, 
patient specific patterns that would also be present in real patient 
groups. Overall, the overview of different control strategies and the in
clusion of the scapular motion for simulating the human shoulder ex 
vivo supports the understanding of physiological shoulder testing and 
may help in the design and development of future, more advanced 
simulators. 

All current simulators approximate the in vivo situation and can only 
simulate pathologies and their treatment by considering all underlying 
assumptions and technical constraints. Further research, development, 
and validation are needed to use them as reliable and meaningful testing 
methods. 
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