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The angles of the shoulder girdle are of particular interest when evaluating extravehicular
spacesuits for restricted upper limb motion and possible causes of shoulder discomfort and
injury. However, in-suit sensor volume limitations, magnetic distortion from suit materials,
and substantial skin motion artifacts hinder existing measurement techniques. Several
regression models have been developed for estimating these angles from more accessible
measurements, but these models have been shown to display limited generalization. A model
that can provide better estimates of shoulder girdle angles inside the suit will improve
assessment and decision making for hardware and fit evaluation. We have developed an
inverse kinematic model of the shoulder girdle for estimating sternoclavicular and
scapulothoracic orientations. The model uses skeletal geometry, humerothoracic kinematics,
and scapulothoracic separation distances as inputs. Specific skeletal lengths and the location
of the glenohumeral joint center are used to determine geometric closure constraints for a
mechanically analogous spatial linkage. The resulting inverse kinematics problem is solved
with a nonlinear least squares optimization according to the scapulothoracic distances. The
performance of the model was tested for a collection of range of motion and task-oriented
movements. In ideal simulations, the 50th and 95th percentile RMSE for scapular downward
rotation over all movements were 0.3° and 1.5°, respectively. In comparison, the regression
models returned errors of 7.5° and 21° or greater. However, the performance of the linkage
model was diminished after simulating small geometry perturbations or measurement noise.
For example, reducing the length of the clavicle by 1.8 mm causes the linkage model to produce
errors of 8.9° and 15.4°. This is likely due to a lack of compliance in the ideal mechanical joints
of the linkage model. Ongoing work includes reducing the elevated sensitivity to these factors
by incorporating an additional optimization routine that allows for limited changes in certain
skeletal lengths.
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projection of point Q on the scapula onto ellipsoidal approximation of the ribcage
transverse distance between input joint and stationary spherical joint in the RRSS linkage
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I. Introduction

HE shoulder is one of the most complicated joint arrangements in the human body. This set of joints is required
to display a combination of high mobility and substantial force generation.1,2 One aspect of assessing shoulder
function and performance is measuring the movement of each skeletal segment in the kinematic chain—the clavicle,
scapula, and humerus. Measured shoulder kinematics have been found to depend on several factors. Outside of intersubject variation,3 these include the task being performed,4 direction of movement,5 movement speed,6,7 external
loading,8,9 and muscular fatigue.10,11 These kinematics are also disrupted in the presence of both musculoskeletal and
neuromuscular injuries.12-14 Although distinguishing between correlation and causation among altered shoulder
motion, injuries, and other factors remains an open problem in shoulder biomechanics and rehabilitation,15 these
measurements are still a key component of identifying potential shoulder issues.
Evaluating shoulder function in astronauts is a key part of preparing for ongoing and future missions, including
planetary exploration.16 During these missions, crewmember safety and mission success can depend on an astronaut’s
shoulder, arm, and hand function during extravehicular activities (EVA). However, effective use of the upper limbs
inside spacesuits has been a continuing challenge because of suit pressurization, fitting difficulties, and fatigue. 17, 18
Improving the fit quality between a crewmember and the spacesuit can alleviate some of these problems, and fitting
adjustments or countermeasures are influenced by evaluations of suited crewmember performance; these include
assessments of range of motion, joint torques, suit fit, energy expenditure, and task performance.19 These evaluations
are particularly important for the shoulder, as the incidence of shoulder injuries in crewmembers has been an area of
concern. Previous studies have shown that astronauts that are trained for EVA with the current spacesuit design, the
Extravehicular Mobility Unit (EMU), have noticeable risk for shoulder injury and subsequent surgical
intervention.20,21 This research proposed that the designs of certain suit components of the EMU, namely the Hard
Upper Torso (HUT), were contributing factors for astronauts developing shoulder injuries. The shoulder (scye) bearing
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of the HUT, which permits axial rotation of the upper arm segment of the suit, limits the amount of vertical shoulder
translation and increases the risk of subacromial impingement when working overhead. This restriction has been
considered to be an important contributor towards serious injury, including damage to rotator cuff tendons and the
glenoid labrum.20,22 An alternate version of the HUT is available to use during training, but this design cannot be used
during spaceflight due to an increased risk of critical suit failure.20 To realistically prepare for EVA, astronauts use
the primary HUT design and only switch to this second design once shoulder injury or pain occurs. 21
Designing new suit hardware that permits a wider range of shoulder motion should improve the kinematic
compatibility of the system and reduce the risk of shoulder injuries. A considerable impediment to improving the
design of the HUT shoulder region is the difficulty of measuring upper limb motion while inside the EMU. Limitations
of the suit hardware, such as visual occlusion, currently limit optical motion capture and similar techniques to suitlevel assessment of mobility and task performance. Recent progress has been made in resolving this, including in-suit
systems for measuring kinematics and interaction forces for the upper arm.23,24 Although these studies were able to
measure suited upper arm motion, the angles of the shoulder girdle (i.e., the clavicle and scapula) inside of a spacesuit
remain unmeasured. A method for measuring or estimating the complete shoulder configuration during suited
activities can lead to improved suit evaluation, better suit design, and reduced risk of crewmember injury.
Although spacesuit evaluation would benefit from measurements of shoulder kinematics, measuring these values
is a significant challenge, even in ideal laboratory conditions. The shoulder contains multiple bones that need to be
tracked for a complete description of its motion, and substantial subdermal motion around the shoulder girdle leads to
inaccurate estimates of joint angles. In general, the acromion is the best position for dynamically measuring scapular
motion, and most experimental protocols have been adapted to use this location. Non-invasive measurement methods
with sensing components on the acromion, including motion capture with skin-mounted markers and inertial
measurement units (IMUs),25,26 have become the most common approaches in recent literature. But, visual occlusion,
small clearance volumes, and magnetic distortion from suit components prevent the use of these methods for
measuring motion inside the suit. Invasive methods, such as intra-cortical bone pins and radiography, 4,27 are also
impractical to implement alongside spacesuit hardware and cannot be justified in astronauts due to the long-term
health risks. So, there is an absence of measured data for suited shoulder girdle motion.
The current alternative for suited evaluation of shoulder motion is to use of several experimental models of
shoulder movement. These estimates use regression models that are developed from other populations and
experimental conditions. Existing regression models use a full set of experimentally measured shoulder angles to
correlate humerothoracic angles and other anthropometric parameters to the other movements of the shoulder,
typically the angles of the clavicle and scapula. Multiple research groups have put forward different regression models
for shoulder girdle angles, each having their own predictors and experimental protocol. The primary concern with
using these regressions is poor generalization to different subjects and testing conditions. The authors of Ref. 28
evaluated six different regression models with separate data from fourteen subjects and found none of the models to
be clearly superior at predicting all shoulder girdle angles. In addition, although mean errors could be relatively low,
the RMSE for all models and angles exceeded 6°, enough to risk misinterpretation. 29,30 Furthermore, these models do
not consider kinematic closure of the shoulder. The outputs of the model, though minimizing the error across subjects
and motions, is not guaranteed to position the humerus and remainder of the upper limb in a way that respects joint
integrity and other kinematic constraints.
A shoulder model that includes appropriate kinematic constraints can be expected to produce anatomically feasible
shoulder configurations more consistently than regression models that do not consider these constraints. However,
there are no kinematic models that have been developed to solve for this problem. Existing kinematic models have
been developed to solve several biomechanics problems, such as determining the reachable workspace,31,32 estimating
segment lengths,33 and processing measured data to fit conceptual kinematic models.34 None of these model types are
applicable for estimating unmeasured shoulder angles, as all of them require shoulder girdle angles as inputs, and only
the models for data processing can provide shoulder girdle angles during typical arm movements. One variant of
kinematic shoulder models that is not used in biomechanics is the mobility analysis for analogues in humanoid
robotics.35-38 These models are developed to improve the function and mobility of humanoid shoulder systems, which
are traditionally equivalent to spherical joints. However, these models are used to define minimum parameter sets for
designing and controlling these systems and are not concerned with determining specific anatomic angles. Therefore,
no kinematic models exist that can estimate shoulder girdle angles in settings where these quantities cannot be
measured.
The objective of this work is to develop a kinematic model for estimating the configuration of the shoulder girdle,
particularly the orientations of the clavicle and scapula. This model should be applicable to a variety of arm movements
and loading conditions without requiring a traditional suite of kinematic sensors. The model is designed to maintain
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kinematic closure at the joints while constraining the position of the scapula relative to the thorax. These constraints
should restrict the outputs of the model to realistic shoulder girdle configurations while remaining applicable to
different subjects and experimental conditions. A model with these features will improve measurement capabilities
during spacesuit use and evaluation, which will inform fitting procedures for existing systems and design decisions
for future versions.

II. Methodology
This kinematic model of the shoulder treats the shoulder girdle as an serial mechanical linkage. The constraint
equations and analysis techniques for this spatial linkage are used to constrain the behavior of the SC joint and define
one of the shoulder girdle’s two degrees of internal mobility. After leveraging the linkage’s serial geometry, the
shoulder’s parallel interaction at the ST joint provides the two inputs needed to solve for the two internal degrees of
freedom (DOF) via optimization. This optimization produces a finite set of kinematically possible configurations that
are selected from with a measure of physiological feasibility. The proposed model is tested with both ideal data and
controlled perturbations in a truth simulation manner, and these results are compared to the predictions of existing
shoulder girdle regression models.
A. Conventions, Geometry, and Scaling
The input and output angles for the model follow the convention proposed by the International Society of
Biomechanics (ISB) using the appropriate Cardan or Euler angle sequences.39 Because of the difficulties of measuring
the axial rotation of the clavicle, sternoclavicular (SC) and acromioclavicular (AC) joint motion cannot be fully
defined. This clavicular angle can be neglected in the model, as discussed later, but scapular and humeral orientations
need to be defined relative to the torso. Scapular orientation is described with rotation of a virtual scapulothoracic
(ST) joint after reversing the SC rotations, and humeral orientation is defined in a similar manner with humerothoracic
(HT) rotations.
After defining the coordinates to describe the configuration of the shoulder, skeletal lengths are used to scale the
model geometry. Joint center translations are neglected in this analysis, and these lengths are assumed to be constant
in all conditions. In addition, the long axis of the clavicle was defined between the SC and AC joint centers rather than
the corresponding joint landmarks for simpler transfer of skeletal landmark data to the model. Given the relative
geometry of the clavicle when comparing longitudinal and transverse distances, this change was assumed to have a
negligible impact on the model output. Most of the scapular lengths use landmarks that define its reference frame, but
the distance between the AC and GH joints cannot be measured without medical imaging. In this case, the position of
the GH joint center is estimated by scaling the joint position from the SIMM implementation of the Delft Shoulder
and Elbow Model.40,41 This scaling used the positions of the dorsal edge of the acromion, the root of the scapular spine
(TS landmark), and the inferior angle of the scapula (AI landmark) relative to the AC joint to create the scaling
matrices used in Ref. 42.
By neglecting joint translations, the entire shoulder complex can be modeled as a serial chain with nine rotational
DOF, including six DOF for the shoulder girdle. In a purely kinematic analysis that does not consider connective
tissue or typical patterns in shoulder kinematics (e.g., scapulohumeral rhythm43), the GH joint angles do not affect the
shoulder girdle angles and can be neglected to remove three DOF from the model. The position of the humeral head
relative to the thorax can be obtained from measured positions and angles of the humerus relative to the torso. These
measurements remove three more DOF from the model by constraining the scapula to rotate around the center of the
GH joint. Since the position of the AC joint is not dependent on the axial rotation of the clavicle, ignoring this quantity
removes another DOF from the model without affecting its configuration. This simplified shoulder complex has two
kinematic DOF for orienting the scapula about the humeral head, which matches with previous analyses of shoulder
girdle mobility.35,36
B. Constraining Acromioclavicular Joint Location with RRSS Linkage Analysis
The resulting arrangement of joints comprises two intersecting revolute joints for the simplified SC joint and two
spherical joints for the AC and GH joints. This joint structure matches that of an RRSS spatial linkage. 44,45 Several
kinematicians have developed methods and equations for describing the mobility of this type of linkage, such as
constraints on coupling between the revolute joints to maintain kinematic closure.46,47 Since the position of the humeral
head is treated as an input to the shoulder girdle model, the model shares the same mobility constraints as the RRSS
mechanism. So, for a known position of the GH joint, RRSS linkage analysis techniques should be applicable for
determining the mobility of the shoulder girdle and contribute towards defining the set of kinematically valid skeletal
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Figure 1. Shoulder girdle skeleton represented as an RRSS linkage. The SC joint is a pair of
intersecting revolute joints, and both the AC and GH joints are spherical joints. RRSS parameters a,
q, and α, as defined in Ref. 47, are zero in this model. r refers to the total transverse distance to the
GH joint, not its projection onto the coronal plane. Reference image courtesy of Visible Body.
angles. If this linkage model is representative of the shoulder girdle, then measurements that completely describe
configuration of the shoulder complex should be consistent with the inputs and outputs of the model.
The linkage mobility equations, as defined in Ref. 47, define the angle limits for the two revolute joints that control
the movement of the input and coupler links. In this shoulder model, these two angles, θ and ϕ, are comparable to the
protraction-retraction and elevation-depression of the SC joint, respectively. In the shoulder model, these joints are
modeled with intersecting axes, so the length of the input link (length a in Ref. 47) is reduced to zero. These joint axes
are also perpendicular to each other, which sets the input link twist angle α to 90°. In addition, since the clavicular and
scapular reference frames are separated by translation along a single axis of the clavicular frame, the distance between
frames along the coupler rotation axis q is also zero.
After simplifying the geometry of the linkage, the remaining information is formatted to match the convention
presented in Ref. 47. The transverse distances (x- and z-axes in the ISB thoracic frame) between the SC and GH joints
are combined to orient the x-axis of the linkage ground coordinate system from the SC joint towards the GH joint.
This new axis is defined with an offset angle θ0 from the z-axis of the ISB thoracic frame. The remaining lengths b, h,
r, and p correspond to the length of the clavicle, the length of the scapula between the AC and GH joints, the transverse
distance to the GH joint, and the vertical distance to the GH joint, respectively. Fig. 1 shows the geometric similarities
between the RRSS linkage and the shoulder girdle. The simplified constraint equation for kinematic closure is given
by Eq. (1).

2br cos( ) cos( )  2bp sin( )  b 2  h 2  p 2  r 2  0

(1)

Polynomials for the revolute joint limits can be derived for either the input or coupler angles, and we choose to
find the limits of input angle θ. By following the same derivation process as Ref. 47, one can arrive at biquadratic
polynomial (i.e., a quartic polynomial without odd powers of x) after defining x with the tangent half-angle substitution
in θ. The structure and coefficients of this equation are shown in Eq. (2-4):

m4 x 4  m2 x 2  m0  0

(2)



m4  m0  4b 2 p 2  4b 2 r 2  b 2  h 2  p 2  r 2



m2  8b 2 p 2  8b 2 r 2  2 b 2  h 2  p 2  r 2



2



2

(3)

(4)

After reversing the tangent half-angle substitution, the roots of Eq. (2) define the limits of movement for the input
angle that maintain kinematic closure for a specified humeral head position. In order to determine the linkage’s range
of motion within these joint angle limits, the classification of the linkage must be known. This classification is defined
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with the signs of the discriminants of the Sylvester matrix.48 Ref. 47 presents a set of sign conditions that describes
the behavior of the mechanism with regards to the mobility of the input link. These conditions determine how these
input angle roots should be interpreted when defining the domain of valid input angles.
For the shoulder, this classification depends on the subject's anthropometry and the relative position of the humeral
head. Since linkage lengths could be expected to be reasonably bounded in both absolute measurements and relative
length ratios, the linkage type of the human shoulder could be expected to fall into a subset of possible cases. The
human shoulder could be intuitively expected to represent a double rocker mechanism, as the ratio of clavicle and
scapula lengths should prevent the SC joint from performing a full revolution while maintaining kinematic closure. In
addition, due to the numerical precision required for repeated roots to occur, the input angle could be expected to only
have unique roots. This leaves configurations with either two or four unique real roots as expected outcomes. The
model assumes the input linkage mobility has four real roots when selecting bounds for θ and chooses the two angles
closest to zero.
Once the roots for θ are obtained, the range of the coupler angle ϕ can be evaluated. Algebraic manipulation of Eq.
(1) gives the following equation for ϕ as a function of θ:

 b 2  h 2  p 2  r 2 
p 



arccos

 2b p 2  r 2 cos 2 ( ) 
 r cos( ) 




 ( )  arctan 

(5)

Since these two angles are not independent, they can be
reduced to a single DOF. For example, this could be reduced
to a polar coordinate form in θ-ϕ space as a phase angle ζ and
dependent radius ρ(ζ). However, this would result in a
dependency on ζ that is complicated to implement,
particularly for online monitoring or repeated calculations
during an optimization process. An approximate
representation of the θ-ϕ curve would simplify
implementation of this kinematic constraint in other elements
of the shoulder model.
This curve in θ-ϕ space can be simplified significantly by
reducing it to an ellipse. In this approximation, the θ roots
define the first axis of the ellipse and are nearly equidistant
to θ = 0°. Since the ellipse is horizontally centered, the ϕ-axis
and center can be defined by evaluating Eq. (5) as ϕ(θ = 0°).
Because the input angle is defined such that the line from the
Figure 2. Example comparison of θ-ϕ solution
SC joint to the GH joint is equivalent to θ = 0°, the offset θ0
curve with ellipse approximation at a single
is used to adjust the center of the ellipse to match the ISB
measurement instant.
convention. The resulting approximation for the ISB angles
are given in Eq. (6-7), with sign changes to account for coordinate differences between the RRSS and ISB frames for
the right shoulder. ϕ0 is the vertical offset of the ellipse, and ρθ/ϕ are the radii for each axis of the ellipse. At the instant
shown in by Fig. 2, the difference between the two is visually indiscernible. Closer inspection reveals increased error
near the limits of θ where ζ is a multiple of 180°. The impact this simplification has on the results depends on where
ζ during shoulder motion and is explored in Section III-A.

             cos( )

(6)

          sin( )

(7)

C. Optimization of Linkage Angles for Scapulothoracic Contact
Although the SC joint mobility ellipse constrains the range of possible joint angles at a given humeral position, it
is not sufficient for fully defining the configuration of the shoulder girdle. A second degree of freedom is located
between the AC and GH joints that is not constrained by the input and coupler links of the RRSS linkage. The axial
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rotation of segment h in Fig. 1, defined as η, would be a passive DOF in mechanical linkages to prevent locking up
during substantial link movement. However, this angle in the human shoulder is needed to orient the scapula for proper
ST interaction. The rotation axis for η must pass through the AC and GH joints to maintain kinematic closure. This
requires rotating the vector between the joints from the clavicular reference frame about an axis perpendicular to both
the long axis of the clavicle and the desired rotation axis. The angle used in this rotation, represented as γ, does not
correspond to a single ST angle in the ISB convention but instead portions of each angle, and the orientation of the
corresponding rotation axis uγ depends on the SC joint angles (or, compactly, on ζ) and the measured position of the
humeral head.
The intermediate rotation angle γ and axis uγ can be found using Eq. (8-10):
GH
ST2
 ST2 pGH

 ST0 pSC
  RST0
( )
ST2
AC

T
(

)



 ST0

 
 1 
 1   0

ST2

SC
GH
  ST0 pSC

p AC

 

1   1 

ST2 GH
  arccos  ST3u GH
u AC 
AC 

u 

ST3

ST2 GH
u GH
u AC
AC 

(8)

(9)
(10)

STx are reference frames defined by the number of rotations from the ISB thoracic frame. ST0 is equivalent to the
thoracic frame, ST2 is the frame fixed to the clavicle (neglecting its axial rotation), and ST3 is the intermediate frame
created by the rotating ST2 by γ about uγ. The rotation between ST0 and ST2 encapsulates the SC joint angles, making
the transformation matrix a univariate function of ζ. The unit vector representing the direction from the AC joint to
the GH joint in the ST3 frame is equal its counterpart in the scapular reference frame, as the remaining rotation needed
to align the two frames is performed about this vector. These rotation parameters are used to construct a rotation matrix
about uγ that depends on ζ. After including the final rotation (η) about the AC-GH axis, these transformations can be
used locating scapular landmarks in the thoracic frame in terms of the shoulder linkage angles ζ and η:
Q
 ST0 pIJQ 
 ST4 p AC

ST0
ST2
ST3

T
(

)
T
(

(

))
T
(

)

 ST2


ST3
ST4
 1 
 1 

(11)

IJ refers to the suprasternal notch (incisura jugularis), the origin of the thoracic frame, and Q refers to any scapular
landmark. The transformation between ST2 and ST3 contains a dense rotation matrix about uγ and the distance between
the SC and AC joints. The ST3-ST4 transformation uses a rotation matrix about the AC-GH axis in the ST3 frame and
no translation. The orientation of ST4 is equivalent to that of ISB scapular reference frame, but the rotation sequence
to reach this frame compresses the unknown information from the ISB convention from three scapulothoracic angles
into two linkage angles (ζ, η).
Two additional equations are needed to determine a finite number of possible solutions for ζ and η. This model
uses two distance constraints on landmarks of the medial border of the scapula, the root of the spine of the scapula
(TS) and inferior angle (AI), from the ribcage. These points are assumed to be some individual distance away from an
ellipsoid, which approximates the shape of the ribcage (Fig. 3). A ST gliding (STG) surface is common to several
shoulder models and is often used to supply missing kinematic information or constrain muscle activation
patterns.37,49,50 The format of these distance constraints is shown in Eq. (12):
ST0

pIJQ  ST0 pIJQE

2

 dQ

(12)

where Q is scapular landmark TS or AI, QE is the projection of the landmark onto the ellipsoid, and dQ is the STG
distance for landmark Q. The projected point QE is determined by a bisection routine for projecting points onto a
hyperellipsoid.51
Eq. (11-12) are used to solve the inverse kinematics problem for linkage angles ζ and η. However, this must be
with numerical optimization for two reasons. First, it is impractical to symbolically invert Eq. (11) to solve for the
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unknown angles, particularly because of the definition for the intermediate reference frame given by Eq. (8-10).
Second, the ellipsoid projection method uses numerical root finding and other computational elements that complicate
the inversion of Eq. (12). Thus, a nonlinear least-squares optimization routine in MATLAB (The MathWorks, Inc.,
Natick, MA, USA) is used to find the linkage angles that minimize the distance error:

 
      arg min

 

 dTS ( )   TS 
 d ( )    
 AI
  AI 

where λ is the vector of linkage angles (ζ, η), and δQ is the
desired distance between scapular landmark Q and the STG
ellipsoid. Minimizing this error results in shoulder linkage
angles that best satisfy the STG distance constraints and
maintain kinematic closure of the shoulder girdle.
This process will encounter multiple minima in ζ-η space
that would place the TS and AI landmarks at appropriate
distances from the ellipsoid, but some of these are
physiologically infeasible and place the scapula on the
anterior surface of the ellipsoid or vertically invert the
scapula. These positions are rejected by constraining the
landmarks with three criteria. First, both landmarks must
remain on the posterior surface of the ellipsoid within a small
margin of error; this small margin is needed to prevent
rejection of all solutions at high humeral elevations. Second,
the AI landmark must remain caudal to (i.e., below) the TS
landmark since the scapula does not experience more than
90° of upward rotation relative to the torso. Third, both
landmarks must not cross the medial plane, as the scapula
does not overlap the spine.
After culling any solutions that result in infeasible
shoulder configurations, there are typically two solutions
remaining. One of these generally has smaller shoulder
linkage angles and corresponds to less scapular upward
rotation. The second of these has larger shoulder linkage
angles and indicates a more elevated shoulder girdle. Yet,
both of these obtain the same STG distances and humeral
head position. The locations of these solutions move in ζ-η

(13)
2

Figure 3. Representation of STG distances
across the ST interaction. Distances are
calculated between skeletal landmarks on the
scapula and corresponding projections on the
ellipsoidal ribcage model.
Reference image
courtesy of Visible Body.

a)
b)
Figure 4. Example contour plots of each STG distance and linkage angle solutions for a selected abduction
motion. a) Solutions at a low humeral elevation angle are noticeably separated. b) Solutions at a higher elevation
configuration approach the minimum distance point.
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space according to the STG distances and translation of the GH joint. In addition, during most elevation tasks, these
solutions converge towards a single point between them at certain shoulder configurations. As the motion continues,
these points diverge from each other. An example of the two solutions in ζ-η space is shown in Fig. 4. The lines
represent contours that match the desired distance for the corresponding scapular landmark. Both solutions occur at
local minima from Eq. (13) and match the intersections of the individual contours for TS and AI distance solutions.
The primary problem with this pair of solutions is that the correct solution switches between the smaller and larger
pairs at the point of minimum separation. If only one of these solutions was chosen consistently, the scapula would
rotate in an unexpected manner during arm elevation. For example, if only the smaller solution was used, the scapula
would rotate upward normally until the two solutions reached their minimum distance. By continuing to elevate, the
solutions would move apart, and the lower solution would slowly increase (or even decrease) in ζ and η. This would
be perceived as a restriction on scapular upward rotation during humeral elevation, which would result in an increased
risk of shoulder impingement and should not be expected in the absence of severe limitations in shoulder motion or
heavily disrupted neuromuscular control. If the larger solution pair is chosen instead at higher humeral elevations, this
abnormal hypothetical shoulder motion is avoided. So, a more involved method is needed to choose between the
linkage angle solutions.
The choice between the two linkage solutions is made using the two predictions for scapular upward rotation,
which is one of the resulting shoulder girdle angles. First, both the difference between the two angles (ν) and the
direction of humeral elevation are causally smoothed with low-pass Butterworth filters. Then, a backwards window
for ν is used to determine if a local minimum has occurred. These minima can occur if shoulder girdle motion changes
direction or if the minimum distance configuration is passed through. If the shoulder is approaching the minimum
distance point from a state of lower elevation, continued elevation would result in further decreases to ν, whereas
changing movement direction would create a local minima. The opposite behavior is seen when elevated past the
minimum distance point—lowering the arm decreases ν, and vice versa. So, using the direction of arm elevation and
the distance between possible solutions should be sufficient to successfully switch between sets of linkage angles in
nearly all cases.
If a local minimum in ν is found and its value is less than a subject-specific threshold νj, the elevation direction is
used to choose between them. If the arm was elevating when the minimum occurred, the solution with the larger ζ is
chosen. If the arm was lowering, the solution with the smaller ζ is chosen. The threshold used for this is determined
manually for each subject by visual inspection of the model results. If no minimum is found or the minimum value
exceeds the threshold, the solution decision from the previous iteration is maintained. For initialization, the algorithm
assumes that the arm starts in a lowered position and automatically selects the smaller solution. It should be noted that
this process introduces a dependence on movement velocity, and changes the model type from purely geometric to
kinematic. This adds a requirement of using sufficiently continuous motion data, as large jumps from sensor dropout
or other problems can lead to incorrect solution selection.
In total, solving Eq. (13) depends on subject anthropometry, the position and orientation of the humerus relative
to the torso, the STG distances, and the direction of arm elevation. Once this equation is minimized, the scapular
landmark positions can be found with forward kinematics using Eq. (11). These landmark positions define the
orientation of the scapula with respect to the thorax, and this rotation matrix is used to find the ST angles. The linkage
angle ζ locates the clavicle within its solution space and defines the SC angles via Eq. (6-7).
D. Model Validation Methods
The inverse kinematic shoulder model was evaluated as a truth model using anthropometric and joint angle data
from another shoulder biomechanics study.52 This anonymized data includes motions for five healthy subjects
performing a variety of range of motion movements and tasks representing activities of daily living. Since the solution
selection process requires relatively continuous data, movements with significant gaps in any shoulder angle were
dropped from the analysis. The remaining motions were trimmed to single movement repetitions for computational
ease. This resulted in 77 movement sets to validate the model. Before testing, the measured data was processed
according to the “soft constraints” kinematic optimization method, which adjusts surface marker data to discourage
unrealistic STG distances.52
This simulation method uses a subset of the measurements as inputs to the model, and the remainder is used to
evaluate the model’s predictions. Good model performance is indicated by its ability to reproduce measured shoulder
girdle angles when given humerothoracic and STG measurements. To improve on existing shoulder models that can
provide shoulder girdle angles during spacesuit evaluation, the model must also provide reduced errors than current
regression models. Finally, a cursory sensitivity analysis is done to examine the model’s robustness and identify
possible problems when this method is applied outside of simulation.
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During the simulation process, the reference data had to be modified in three ways. First, certain skeletal landmarks
with abnormal values, such as SC joint centers located contralaterally, were assumed to only require a sign change to
be correct. Second, the position of the humeral head was determined using standard forward kinematics with the full
set of measured shoulder joint angles. This was done to avoid apparently erroneous data that suggested large, and
potentially traumatic, translations of the humeral head in the scapular frame. It should be noted that this uses measured
SC and ST angles, even though the model is designed to estimate them when they cannot be measured. Regardless,
since this position is critical to the model, this data was substituted with the forward kinematics estimate. Third, the
distances between the two scapular landmarks and the STG ellipsoid were calculated from the full set of measured
data using forward kinematics, similar to the position of the humeral head. These quantities are also difficult to
measure because of substantial soft tissue artifacts, and less work has been done to develop methods of measuring
these distances dynamically.
1. Baseline Linkage Model
Before evaluating the model’s performance, two simplifications in the development process are validated. The
first validation of the RRSS linkage method checks the consistency of the linkage classification. Knowing how the
linkage class changes during arm motion is critical for calculating the input and coupler angle domains. During
development, it was initially assumed that the linkage input angle had four real roots. From the analysis in Ref. 47,
two of these should lie on either side of 0°, while the other two should similarly surround 180°. This was tested by
calculating the discriminants (Δi) of the resultant matrix for Eq. (2) over an array of humeral head positions for each
subject. Since the linkage lengths are constant during the motions, any change in linkage classification by the roots of
Eq. (2) would be due to translation of the GH joint relative to the SC joint. The second validation method for the RRSS
linkage model is calculating the error between the actual solution curve in θ-ϕ space and the ellipse approximation.
Although this simplification results in linkage angles that do not strictly satisfy kinematic closure, the impact of this
can be inferred before performing the linkage angle optimization routine. To validate this simplification, mean
absolute error (MAE) in ϕ between the complete formulation (Eq. (5)) and the ellipse approximation (Eq. (6-7)) were
calculated over 100 values of θ for all measurement samples within each movement.
In order to assess the overall quality of the model, RMSE metrics were calculated over the duration of each motion.
Each shoulder girdle angle was analyzed separately and over all motions for this statistical analysis. Since the range
of motion differs for each angle, they cannot be meaningfully compared to determine which angles shows the worst
performance. However, because the same movements are used in all parts of the validation, distributions of RMSE
and the associated statistics can be compared across conditions. To compare the baseline performance with other
simulations, the 50th and 95th percentiles were calculated by bootstrap resampling over 10000 iterations. 95%
confidence intervals were calculated using the bias corrected and accelerated percentile method.
2. Comparison with Existing Regression Models
The predictions of two regression models were compared with the results of the linkage model. Although the
testing conditions and measurement tools used for these models are not the same as those used in the measured data,
assessing these models will explore the impact of subject and task generalization. The first model was developed by
de Groot and Brand and is referred to hereafter as the Dutch Shoulder Rhythm (DSR).9 This model was chosen due to
its prominence among shoulder motion regression methods, including use in one of the most prominent upper limb
musculoskeletal models.53 This model was designed with measured joint angles during loaded, closed-chain poses of
the arm. The linear regression model estimates SC and ST angles from HT plane of elevation, HT elevation angle, the
direction of force application, and the initial joint angles at rest. Since the data used to evaluate the model consists of
open-chain movements, the force direction was set to zero.28 The initial joint angles were estimated from landmark
positions collected while the subjects were at rest. The second model was recently developed by Xu et al. and is also
known as the Liberty Mutual Shoulder Rhythm (LMSR).54 This model was developed from a wider array of static
posture without loading the arm and was chosen for its improved accuracy relative to other shoulder regressions.28
The model format tested here uses linear, quadratic, and two-term interactions of humerothoracic angles to predict
clavicular and scapular angles. The same RMSE metrics for each joint angle were calculated for comparison with the
baseline linkage model.
3. Cursory Sensitivity Analysis
A sensitivity analysis was performed to explore the model’s robustness to changes in model inputs and select
anthropometric measures. This is particularly important to include alongside the other results because part of the
measured data was supplemented with ideal estimates to account for missing or potentially incorrect measurements,
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as described at the start of Section II-D. The model geometry parameters changed in this analysis were the clavicle
length, the distance between AC and GH joints, and the size of the STG ellipsoid. The additive differences for these
quantities was based on the estimated measurement accuracy of a single point and the number of points required for
each parameter. Although the marker accuracy for this data was not explicitly given, it was assumed that the system
from an earlier study was used to collect this data, which stated an accuracy of 0.3 mm.55 This was added to an assumed
1 mm error from the palpation and marker placement to find the maximum error for a single position. To convert this
position error to a segment geometry error, this quantity is multiplied by the square root of the number of points needed
for the parameter, which are stated in Ref. 52. For example, the clavicle length is determined by the positions of two
landmarks, the SC and AC joint centers, and was tested with an error magnitude around 1.8 mm. The input kinematic
data, namely the position of the GH joint and the STG distances, were altered by adding normally distributed noise
with zero mean and defined standard deviations. These values were initially set according to estimates of measurement
accuracy for each quantity, but were ultimately reduced to levels that allowed the simulation to run; this is discussed
further in both Sections III and IV.

III. Results
A. RRSS Linkage Methods
The shoulder girdle linkage can be represented as one of
two cases for all motions tested. When humeral head
positions are significantly close or far away from the SC joint,
the linkage fails to maintain kinematic closure and has no
roots for the input angle θ. At intermediate positions, θ has
four real roots that limit its domain, with two of them outside
the feasible range of the SC joint. This leaves two roots to
define the maximum and minimum values for θ. An example
contour plot of polynomial discriminant values for
humerothoracic abduction in one subject is shown in Fig. 5.
The humeral head position always remains in a region where
the discriminants Δ2 to Δ4 are positive, confirming that the
linkage has four real, unique roots throughout the motion.
Neither Δ3 nor Δ4 are shown, as the Δ2 and Δ3 contours are
identical and Δ4 remains positive for all simulated locations
of the humeral head. Even though the position of the humeral
head moved towards to the edges of this region in other cases,
this behavior was maintained for all motions and subjects
tested.
The ellipse approximation was predicted to have a
minimal impact on the domains of the RRSS input and
coupler angles. Although the maximum errors in ϕ at the
lateral edges of the ellipse reached errors 1°, these portions
of the input angle domain are not reached in the measured
data. The phase angle ζ remained between 50° and 150° for
the motions tested, and the ellipse approximation is more
accurate near the center of the input angle domain than the
edges. As such, the MAE for all motions remained below
0.12° (Fig. 6), which should have a minimal impact on
predictions for clavicular elevation. The largest values for the
ellipse's MAE tended to originate from a particular subject
rather than a particular movement pattern, which suggests
that skeletal geometry could impact the accuracy of this
approximation. Although this is not a rigorous evaluation, the
ellipse approximation would not be expected to cause large
changes in the estimated shoulder girdle angles.

Figure 5. Contours of resultant matrix
discriminant Δ2 over humeral positions in
RRSS convention for an example abduction
motion. The GH joint center remains in the region
where Δ2 is positive.

Figure 6. Histogram of mean absolute error in
RRSS coupler angle from the ellipse
approximation across all motions.
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B. Reproduction of Measured Shoulder Girdle Angles
Under ideal conditions, the linkage model performed satisfactorily at estimating SC and ST angles. Example plots
of the model results are shown in Fig. 7-8. In this example motion, the largest joint errors (ST downward rotation)
remain less than 2° at any instant. These errors deviate from trivially small values around solution switching points.
In addition, recognizing that a minimum solution distance has occurred introduces some delay, which accounts for
consistently larger errors prior to the discontinuities. The magnitude of these errors depends on the value of the
subject's switching threshold—larger thresholds would cause larger jumps and maximum error magnitudes compared
to the current value, whereas smaller thresholds may result in failure to switch between solutions and unacceptably
large errors.

a)

b)

c)
d)
e)
Figure 7. Predicted and actual shoulder girdle angles for an example abduction motion. a) SC protraction,
b) SC depression, c) ST internal rotation, d) ST downward rotation, e) ST posterior tilt.

a)
b)
Figure 8. Errors in predicted shoulder girdle angles for an example abduction motion. a) SC angles. b) ST
angles.
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Table 1. Estimates and 95% confidence intervals (CI) for shoulder girdle angle RMSE
(degrees): RRSS model and ideal inputs. ψ1 – ψ2 refer to SC angles, and ψ4 – ψ6 refer to ST
angles.
ψ1
ψ2
ψ4
ψ5
ψ6
50th pctl
0.05
0.03
0.06
0.29
0.16
50th, CI
(0.04, 0.08)
(0.02, 0.03)
(0.05, 0.09)
(0.23, 0.45)
(0.11, 0.25)
95th pctl
0.27
0.14
0.58
1.51
0.86
95th, CI
(0.22, 0.41)
(0.12, 0.19)
(0.43, 0.73)
(1.17, 2.19)
(0.72, 1.68)
Although this level of performance was not shown for all motions, the subject-specific thresholds were tuned
produce general success across the tested motions. The RMSE metrics for the ideal model conditions over all 77
motions are presented in Table 1. Overall, the kinematic model produced RMSE of 2° or less. The SC angle errors
were substantially smaller than the ST angles, and all errors would be unlikely to cause clinical misinterpretation. 29
Thus, with ideal inputs to the model, the spatial linkage equations are able to accurately estimate the configuration of
the shoulder girdle.
C. Comparison with Existing Regression Models
The linkage model showed significantly better performance than the chosen regression models. The RMSE metrics
for these regression equations are shown in Tables 2-3. Fig. 9 shows that all models produce the same trends in joint
angles during a motion. But, both regression models had significantly larger errors than the ideal model, with median
RMSE in excess of 6° for all shoulder angles. The regression models also resulted in joint angles that may not be
feasible for certain motions. For example, the clavicle orientation predicted by the DSR and LMSR models (ψ1 and
ψ2) is retracted and elevated to a much greater degree than the measured data would suggest. There are substantial
differences between estimates for posterior tilt of the scapula (ψ6) throughout the entire movement duration, which is
likely due to measurement errors in the original dataset. Near the start of some motions in the dataset, shoulder angles

a)

b)

c)
d)
e)
Figure 9. Shoulder girdle angles from existing regression models and linkage model for an example
abduction motion. a) SC protraction, b) SC depression, c) ST internal rotation, d) ST downward rotation, e) ST
posterior tilt. Measured data (solid black line) is mostly covered by the RRSS model.
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Table 2. Estimates and 95% confidence intervals (CI) for shoulder girdle angle RMSE
(degrees): DSR model. ψ1 – ψ2 refer to SC angles, and ψ4 – ψ6 refer to ST angles.
ψ1
ψ2
ψ4
ψ5
ψ6
50th pctl
15.13
6.23
8.74
11.14
8.22
50th, CI
(14.32, 16.22)
(5.22, 7.88)
(7.59, 9.77)
(9.70, 13.50)
(7.20, 9.38)
95th pctl
22.14
12.66
14.29
24.18
35.46
95th, CI
(20.24, 25.31) (11.74, 14.61) (13.15, 19.80) (22.81, 28.10) (34.37, 39.45)

Table 3. Estimates and 95% confidence intervals (CI) for shoulder girdle angle RMSE
(degrees): LMSR model. ψ1 – ψ2 refer to SC angles, and ψ4 – ψ6 refer to ST angles.
ψ1
ψ2
ψ4
ψ5
ψ6
50th pctl
7.08
9.89
7.04
7.54
8.28
50th, CI
(6.57, 7.92)
(9.01, 11.02)
(5.40, 8.44)
(6.44, 9.92)
(6.80, 10.15)
95th pctl
15.12
20.09
13.07
21.18
24.53
95th, CI
(12.92, 19.42) (18.36, 23.67) (11.83, 16.54) (18.62, 22.77) (20.06, 28.78)
were also measured with a palpating fixture on the scapular landmarks. These supplemental measurements revealed
that the acromial marker cluster tends to report greater anterior tilt than should be expected for these movements.
D. Sensitivity Analysis
The model’s ability to reproduce known shoulder girdle angles was reduced by altering the model’s geometry
parameters after idealizing the kinematics. Example results for shortening the clavicle length are contained in Table
4. These errors are substantially larger than those measured under ideal conditions, with most RMSE percentiles being
about an order of magnitude larger than baseline. The results of all geometry changes on ST downward rotation are
presented in Table 5. This angle was found to be particularly sensitive to these changes while generally summarizing
the trends in other angles. In general, changing the clavicle length produced the largest changes in predicted angles.
Changing the distance between AC and GH joints produced error distributions that were closer to the regression
models, and dilating the STG ellipsoid produced relatively small changes in most cases.
The model’s accuracy was also decreased by altering the portions of the ideal measurement data. The results of all
geometry changes on ST downward rotation are presented in Table 6. In these tests, the percentiles were comparable
to the largest anthropometry changes (Table 5) and had larger confidence intervals. However, this set of tests applied
Table 4. Estimates and 95% confidence intervals (CI) for shoulder girdle angle RMSE
(degrees): RRSS model, clavicle shortened by 1.8 mm. ψ1 – ψ2 refer to SC angles, and ψ4 – ψ6
refer to ST angles.
ψ1
ψ2
ψ4
ψ5
ψ6
50th pctl
1.53
0.49
2.28
8.89
4.25
50th, CI
(1.40, 1.67)
(0.31, 0.70)
(2.16, 2.46)
(7.73, 9.51)
(3.79, 4.52)
95th pctl
2.21
1.13
4.08
15.37
8.98
95th, CI
(1.99, 3.06)
(1.08, 1.24)
(3.40, 4.72)
(13.84, 16.79)
(8.73, 9.61)
Table 5. Estimates for ST downward rotation RMSE (degrees): RRSS model, all anthropometry change
tests. Column titles indicate the quantities changed and the associated length or size difference.
STG Ellipsoid, STG Ellipsoid,
Clavicle,
Clavicle,
AC-GH,
AC-GH,
(-2.6, -2.6,
(+2.6, +2.6,
-1.8 mm
+1.8 mm
-2.25 mm
+2.25 mm
-1.8) mm
+1.8) mm
50th pctl
8.89
13.30
9.86
5.53
2.37
0.76
50th, CI
(7.73, 9.51)
(12.74, 14.31) (9.14, 10.67)
(4.42, 6.78)
(1.60, 3.08)
(0.64, 0.92)
95th pctl
15.37
37.77
35.31
13.03
26.69
2.98
95th, CI (13.84, 16.79) (34.55, 45.41) (31.96, 44.22) (11.36, 25.40) (24.16, 29.11)
(2.03, 7.46)
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Table 6. Estimates for ST downward rotation RMSE (degrees): RRSS
model, all additive noise tests. Column titles indicate the quantities changed
and the standard deviation used in noise generation.
GH Joint Center,
TS STG Distance,
AI STG Distance,
0.25 mm
1 mm
1 mm
50th pctl
10.03
9.73
10.16
50th, CI
(8.70, 13.22)
(8.56, 13.44)
(8.83, 13.73)
95th pctl
34.62
33.81
35.41
95th, CI
(30.12, 44.70)
(28.22, 44.65)
(30.80, 44.92)
relatively small changes to the measurements, with standard deviations of one millimeter or less. The GH joint center
was exceptionally impactful, with larger noise variance resulting in the model failing to find solutions for at least one
of the movements. Adding noise to individual STG distances produced similar levels of error, but the noise
distributions can have a larger variance before failure.

IV. Discussion
A kinematic model of the shoulder has been proposed that estimates the orientations of the clavicle and scapula
without requiring the typical set of motion sensing hardware, including components on the acromion. This model
leverages the serial structure of the shoulder complex while minimizing deviations from a specified STG interaction.
This model was able to replicate missing shoulder angles under ideal truth simulations and markedly outperformed
existing regression models of shoulder motion. However, the proposed model performed worse when discrepancies
were added in either geometric quantities or measurements. Nonetheless, determining which components of the model
failed and what conditions led to these failures provides insight towards future improvements to the model’s
robustness.
A. Baseline Linkage Model
The linkage classification analysis showed that the human shoulder remains as a single type of RRSS linkage, as
exemplified by Fig. 5. Even though joint translations are neglected in this analysis, the GH joint center generally
resides towards the center of the corresponding region. The level of joint separation needed to change the linkage class
should not be expected without traumatic motion, so only one algorithm for selecting input angle limits is needed to
define valid input and coupler angles for any realistic position of the humeral head. Since the roots of θ near ±180°
are physiologically infeasible, the solution can be reduced to a pair of input angles that bound the protraction-retraction
angle of the SC joint. One possible reason for the shoulder girdle maintaining this linkage type is the relative
consistency in its general geometry and structure; studies with a larger population are needed to test this hypothesis.
The ellipse approximation (Eq. 6-7) was shown to provide nearly the same coordination between RRSS input and
coupler angles as the full equation (Eq. (5)). However, the differences were only calculated in terms of the coupler
angle and not in terms of the predicted shoulder girdle angles. In addition, while computational speed was proposed
as an advantage of the ellipse approximation, this cannot be validated until the model is implemented in the target
setting.
The RRSS linkage model performed well under ideal conditions, and the correct angle solution was chosen in most
cases. However, one feature that cannot be easily removed is the error around solution switching points. In these areas,
neither solution provide results that are exactly equal to the measured data. Instead, one solution diverges from the
actual skeletal angles before the other solution has converged to these angles. Ideally, the two minima should merge
into a single solution, allowing for a smooth transition between linkage angles. Otherwise, the shoulder girdle would
have to toggle positions in an instant, which is not physically realistic. The ellipse approximation for the RRSS input
and coupler angles could be responsible for this separation between solutions. This approximation was assumed to be
sufficiently accurate based on small errors in the coupler angle ϕ. However, it is possible that this simplification
becomes less representative as the shoulder approaches the solution switching point and the actual SC angles lie further
outside the domain allowed by the approximate θ and ϕ.
Furthermore, there were a few cases in which the switching algorithm did not select the closest solution. For
example, one of the most problematic movements for the model was combing hair. For all subjects, the shoulder girdle
oscillated about the minimum distance point and the motion of arm elevation changed frequently. During this, the
switching algorithm switched between optimization minima at inappropriate instances. This behavior is an artifact of
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using subject-specific thresholds for solution distances. The thresholds νj can show significant variation between
people, with values ranging from 1° to 6.5° for the five subjects studied here. Tightening the switching thresholds
would reject most of these incorrect toggle points, but would remove the desired switching behaviors in other motions.
A different switching algorithm that uses other aspects of shoulder motion, such as scapulohumeral rhythm,43 may
provide more consistent behavior.
B. Comparison with Existing Regression Models
The kinematic model consistently outperformed the regression models under ideal conditions. Since the regression
models minimize error across the predictors used in the design process, they are unable to achieve perfect tracking of
the shoulder girdle angles for any subject. If the performance of the linkage model was comparable to that of the
regression models, then it would be difficult to justify the added complexity of the spatial linkage method. Although
the linkage model surpasses the regression models, it is not clear why the regressions gave such large errors. Part of
this may be due to skin motion artifacts affecting the truth model data, such as scapular posterior tilt (Fig. 7(e)).
Evaluating these models using data with reduced measurement artifacts at the scapula may lead to smaller disparities
between these regression models and the linkage model.
However, a previous analysis of these models suggests these results are not extraordinary. The relative
performance between the two regression models is mostly in agreement with the findings of Ref. 28. In that
comparison, the DSR model performed worse than the LMSR model for every shoulder angle. This relative
performance between the two regressions holds in this testing for all angles except clavicular elevation (ψ2). One
possibility for this change in relative performance is that clavicular elevation for dynamic motion is more similar to
loaded static postures than unloaded ones. Recruitment of similar shoulder musculature may be occurring in both the
dynamic and loaded situations, leading to reduced errors in the DSR model. In addition, the RMSE errors given for
each model and angle in Ref. 28, while significantly different in a statistical sense, were close to the median RMSE
statistics from this analysis. So, the regression models provided similar performance for portions of the measured data.
But, the 95th percentiles are larger than the RMSE presented in Ref. 28, indicating worse performance of the regression
models for some motions than was observed for the static data. This may be due to the inclusion of dynamic motions
that reached across the sagittal plane or behind the back in this analysis, neither of which were included in the design
or testing of the regression models.
C. Sensitivity Analysis
This sensitivity analysis proved to be a critical part of the model analysis when using idealized kinematic data.
Using forward kinematics to estimate some of these quantities allows for systematic errors in the model to be
identified, but it does not represent how the model would behave with measured data. Deliberately altering geometry
parameters after generating truth model data creates discrepancies between the ideal kinematic data and the inverse
kinematic routine, leading to incorrect solutions or even a lack of feasible shoulder configurations for larger changes.
In addition to errors in length measurements or scaled estimates, unmodeled translations in skeletal articulations and
joint center inaccuracies can be treated as additional differences in skeletal lengths.56-59 The ideal mechanical joints
and constant lengths in this model may be insufficient for handling these features, and incorporating numerical
flexibility in the serial linkage geometry may mitigate this problem.
The large RMSE statistics resulting from adding noise to the input kinematic data also shows the model’s strict
dependence on kinematic consistency. Achieving a one millimeter standard deviation for STG distances is certainly
optimistic, yet this may be feasible using a well-designed protocol for static palpation of scapular landmarks. If these
distances behave differently between static and dynamic cases, any measurements of these quantities will likely
involve larger variances. Regardless, the accuracy required for the GH joint center (one-quarter of a millimeter) is
unrealistic and indicates a fundamental deficiency in the model rather than a need for better measurement methods.
Non-invasive estimates of this position, such as those from the Instantaneous Helical Axis method, can provide
significantly different results from medical imaging techniques, with differences around 1.5 cm or greater.55 The
model should be capable of handling errors at or near this magnitude before it can be applied confidently to a variety
of measurement data with different experimental protocols.
A final set of observations can be made by comparing the error statistics of each test. Among the anthropometry
variables, clavicle length changes produced the largest increases in RMSE statistics. This may be explained by the
construction of the serial aspect of the shoulder complex, which resembles a skewed triangle (Fig. 1). Given the
relative lengths between the clavicle and scapula, changing the clavicle length while keeping the GH joint center fixed
would result in a significant rotation of the scapula about the humeral head. Conversely, changing the distance between
AC and GH joints in this scenario would result in some change to scapular orientation, but this change would be less
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severe. This hypothesis also transfers to the sensitivity tests for the humeral head position, displaying the limitations
of the rigid serial chain.
The low impact of STG ellipsoid scaling on ST angles may be related to the linkage model’s degrees of freedom.
Scaling the size of the ellipsoid may result in changes primarily to the axial rotation angle η rather than the phase angle
ζ, resembling scapular winging. Combined with the fact that the scapula experiences little change in posterior tilt,
these changes could produce relatively small changes in scapular downward rotation. In addition, the STG ellipsoid
is utilized in the inverse kinematic optimization, which has more computational flexibility than the ideal equations for
the serial linkage. However, this relatively low error is not maintained when single distances are disturbed with random
noise (Table 6). This may be due to changing a single landmark position at a time, which may not show the same
winging behavior as the STG ellipsoid scaling. Also, the new STG positions are able to violate the fixed geometry of
the scapula and create further inconsistency in the optimization.
D. Novelty of the Method and Future Improvements
This model is a first step towards estimating shoulder girdle angles in situations that i) they cannot be measured
directly, and ii) are unique human-device interactions that cannot be adequately modeled with existing data. Both of
these conditions are characteristic of shoulder motion inside the EMU, and no existing model has been applied to this
situation. The vast majority of these were developed for processing motion capture data for the entire shoulder to
remove skin motion artifacts and other errors that would deviate from a reference kinematic model.34 The closest
models to the one we have proposed were developed as minimal parameterizations of the shoulder complex.37,60 These
models treat the shoulder girdle as a parallel mechanism that determines the kinematics of the scapula. However, using
forward kinematics to determine the configuration of a parallel mechanism can result in multiple solution branches
that depend on the initial guess. Neither model includes a method for choosing the initial guess that results in the
correct solution branch or determines if multiple branches are physiologically feasible. In addition, neither group of
authors demonstrated the models’ ability to reproduce known shoulder behavior from measurements.
In contrast, the model proposed here treats the shoulder girdle primarily as a serial spatial linkage and uses the ST
interaction as additional inputs that drive the numerical solution of inverse kinematics. By parameterizing the model
with the degrees of freedom for an RRSS linkage and structuring the optimization so that the two STG distances
control the linkage angles, a finite set of solutions are obtained that define the configuration of a serial linkage that
reaches a specified humeral head position. Also, these solutions are evaluated according to physiological feasibility
and are evaluated between in a mostly successful manner. Finally, this model has been shown to reproduce the desired
shoulder girdle angles from movement data, though this currently occurs only in ideal conditions.
Before this method can be confidently used in experimental conditions, it must be improved in three ways. First,
the method for selecting and switching between linkage solutions must be improved. The current dependence on
subject-specific thresholds precludes generalization to new subjects and conditions. A method that uses other aspects
of shoulder motion, such as scapulohumeral rhythm, may yield more consistent performance. Second, the
scapulothoracic distances need to be defined for realistic situations in which they cannot be simulated with forward
kinematics. These distances cannot be measured easily in laboratory conditions, but the current model format showed
reduced sensitivity to changes in STG properties relative to other quantities. A mixed effects model with
humerothoracic motion and anthropometry as predictors and STG distances from forward kinematics as responses
may provide sufficient accuracy, given the model’s reduced sensitivity to these distances. Finally, the solution process
needs to be more numerically compliant to handle measurement errors or modeling inaccuracies. Possible options for
this include a higher level optimization for segment lengths or a stochastic estimation technique for refining both the
model parameters and the input data, such as the method proposed in Ref. 61. This numerical flexibility should resolve
the excessive sensitivity seen for changes in both anthropometric parameters and measurements.

V. Conclusion
The foundation of an inverse kinematic model for the shoulder girdle has been developed and tested. This model
treats the shoulder girdle as a serial spatial linkage subject to ST interaction goals and is designed to estimate the
orientations of the clavicle and scapula in settings that prevent the use of existing measurement modalities. Under
ideal conditions, the model was able to replicate known sternoclavicular and scapulothoracic joint angles and
outperform existing regression models. However, adding slight perturbations to the anthropometry or input data
relative to the truth model resulted in errors that approached or exceeded those of the regression models. Future work
should focus on improving the model’s robustness to these disturbances through other estimation techniques. With
17
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these improvements, the model will be useful for more detailed assessments of astronaut shoulder motion inside
spacesuits.
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