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Upper-limb joint kinetics expression during wheelchair propulsion
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Abstract—In the wheelchair propulsion literature, it is com-
mon to report upper-limb (UL) joint kinetics to express shoul-
der, elbow, and wrist loads. Choosing the appropriate kinetic 
resolution coordinate system (CS) for UL joint forces and 
moments has become a laboratory-specific process. The differ-
ences that arise during interpretation may hinder a clear and 
broad understanding of UL joint kinetics during wheelchair 
propulsion. This article addresses the inconsistency of kinetic 
reporting in the wheelchair literature that examines the pain 
and injury experienced by manual wheelchair users. To high-
light the variety of reporting methods in wheelchair propul-
sion, this article surveys peer-reviewed, published articles 
reporting wrist-, elbow-, or shoulder-joint intersegmental
forces and moments calculated from inverse dynamics during 
wheelchair propulsion. To correct this inconsistency, research-
ers may need to standardize kinetic reporting methods to 
achieve a cohesive comprehension of wheelchair biomechan-
ics. This article is provided to open discussion on the anatomi-
cal and clinical relevance of currently employed CSs and other 
available options, with the additional goal of providing an ini-
tial recommendation for kinetic representation during wheel-
chair propulsion.

Key words: biomechanics, coordinate system, elbow, forces, 
joint kinetics, manual wheelchair propulsion, moments, reha-
bilitation, shoulder, upper limb, wrist.

INTRODUCTION

The quantification of mechanical loads has given us 
insight into the connection between wheelchair propulsion 
and the high incidence of upper-limb (UL) pathology in 
the manual wheelchair-user population [1–6]. Mercer et al. 

reported that manual wheelchair users who demonstrated 
larger shoulder-joint forces and moments during level 
wheelchair propulsion were more likely to exhibit signs of 
shoulder pathology on magnetic resonance imaging exami-
nation than those demonstrating smaller kinetics [7]. Mer-
cer et al. highlighted the value of joint kinetics as a metric 
in investigating mechanisms underlying the development 
of UL pain among manual wheelchair users [7]. Before 
and subsequent to this article, many investigators have 
reported UL joint kinetics approximating the mechanical 
load experienced by the shoulder, elbow, and wrist during 
wheelchair activities [7–17].

A variety of methods have been adopted for reporting 
UL joint kinetics. Boninger et al. were the first in wheel-
chair propulsion literature to express the necessity of 
reporting joint kinetics in a local segment coordinate sys-
tem (CS) when the goal is to relate biomechanical data to 
injury [8]. Boninger et al. explained that the local CS 
should be anatomically relevant and, hence, linked to 
physiological-based motions and pathologies [8]. While 
the trend has been to express joint kinetics in a local CS 
as opposed to a global reference, varied definitions and 
combinations of proximal and distal CSs have been used 
for the UL. One frequently used approach has been to 
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express both the intersegmental joint forces and moments 
with the proximal CS [7,11,14,16–17]. A recent multisite 
study by Collinger et al. reported shoulder forces in the 
CS of the segment proximal to the joint and shoulder 
moments in the CS of the segment distal to the joint [12]. 
Another option for kinetic representation, though not one 
regularly employed in the wheelchair literature, is the 
nonorthogonal joint CS (JCS), which uses a combination 
of axes from segments both proximal and distal to the 
joint [18]. The International Society of Biomechanics 
(ISB) recommends using a nonorthogonal JCS for UL 
kinematics, but a similar recommendation for UL kinetics 
does not exist [18]. Without a clear standard for use in UL 
kinetics, the variety of available options for data repre-
sentation can confound clinical interpretation.

Choosing the appropriate kinetic resolution CS has 
become a laboratory-specific process and may hinder a 
clear and broad understanding of UL joint kinetics during 
wheelchair propulsion. To correct this inconsistency,
researchers need to standardize kinetic reporting methods 
to achieve cohesive comprehension of wheelchair biome-
chanics. We provide this article to open discussion on the 
anatomical and clinical relevance of currently employed 
CSs and other available options, with the additional goal 
of providing an initial recommendation for kinetic repre-
sentation during wheelchair propulsion.

METHODS

Local segment CSs are commonly placed at either 
the proximal or distal end of a segment and are generally 

located at a joint center. After performing an inverse 
dynamics procedure to calculate intersegmental joint 
forces and moments, the investigators can represent the 
kinetics in any CS their marker set allows them to define. 
Joint forces are most often represented in either an 
orthogonal proximal or distal segment embedded CS 
(Table 1 and Figure). Joint moments can be reported in 
an orthogonal proximal or distal segment-based CS simi-
lar to joint forces, but joint moments can also be reported 
in a nonorthogonal JCS (Table 1 and Figure). The non-
orthogonal JCS comprises (1) a fixed axis in the proximal 
segment, (2) a fixed axis in the distal segment, and (3) a 
floating axis. To highlight the various reporting methods 
in wheelchair propulsion, we surveyed peer-reviewed, 
published articles reporting wrist-, elbow-, or shoulder-
joint intersegmental forces and moments calculated from 
inverse dynamics during wheelchair propulsion. We per-
formed the literature search in PubMed, Medline, and 
Scopus using combinations of the following search 
terms: “kinetics,” “wheelchair propulsion,” “upper limb,” 
“shoulder,” “elbow,” and “wrist.” From the full collec-
tion of articles addressing UL kinetics during wheelchair 
propulsion, we chose a subset for presentation here. We 
chose the subset to characterize the full variety of data 
representation in the field without overlapping methods 
used by the same investigator.

RESULTS

Joint kinetics during wheelchair propulsion have been 
reported for UL joints with various reporting techniques

Table 1.
Resolution coordinate system (CS) definitions for upper-limb joint forces and moments.

Joint Distal Segment Proximal Segment Joint CS Definition
Shoulder Upper arm Trunk z-x-z order

e1: x-axis fixed in trunk CS
e3: axial rotation around z-axis of upper arm
e2: axis fixed in upper-arm CS coincident with x-axis of upper arm

Elbow Forearm Upper arm y-x-z order
e1: axis fixed in proximal CS coincident with upper-arm y-axis
e3: axis fixed in distal CS coincident with z-axis of forearm
e2: mutually perpendicular varus/valgus rotation axis

Wrist Hand Forearm y-x-z order
e1: axis fixed in proximal CS coincident with forearm y-axis
e3: axis fixed in distal CS coincident with z-axis of hand
e2: mutually perpendicular ulnar/radial deviation axis

e1 = axis of first rotation, e2 = axis of second rotation, e3 = axis of third rotation.
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(Table 2). The majority of wrist, elbow, and shoulder 
forces were reported using the proximal CSs (forearm, 
humerus, and trunk, respectively). We found one excep-
tion: Boninger et al. expressed wrist forces in the distal 
plane using a hand CS with the origin at the wrist center 
[8]. The elbow-joint forces were generally expressed in the 
humerus CS centered at the shoulder-joint center [15]. The 
proximal CS origin for the shoulder joint was placed either 
at the acromion, shoulder-joint center, or trunk midline 
[7,12,14–15,19]. An older study performed by Kulig et al. 
expressed the shoulder forces in a global laboratory CS, 
but this practice has not been repeated in the literature [10].

A wide spectrum of CSs has been used to report joint 
moments (Table 2). Sabick et al. reported moments at
all joints using a combination of axes from the distal and 
proximal segments in which the transverse rotation
moment of a joint was reported in the distal segment and 
the frontal and sagittal plane moments were reported in 
the proximal CS [15]. Many of the articles have repre-
sented the moment in the CS proximal to the joint, 
although the locations of the CS origins varied between 

articles [7,14,16–17,19–20]. The remaining articles 
reported the moments in the CS distal to the joint [8,10,12].

DISCUSSION

The central concern over which CS to choose is in 
the value of the clinical interpretation. If the clinical 
interpretation focuses on injury prevention, then joint 
anatomy and joint pathologies should guide CS selection. 
Common to all the joint pathologies is their etymological 
proximity to the joint itself; therefore, any joint kinetics 
used to describe the load on a particular joint should be 
reported in a CS centered in the joint itself, whether it is 
proximal or distal to the joint. While the previous state-
ment may seem like common sense, this article shows 
that many published joint forces and moments have been 
expressed in local CSs with their origin away from the 
focus joint. For example, shoulder-joint forces and 
moments have been reported in a trunk CS originating in 
the middle of the trunk and not near the shoulder joint 
[12,15–16]. An essential component to a clinically rele-
vant reporting system is placing the CS origin near the 
joint center for both joint forces and moments.

To address injury exploration and prevention in regards 
to wheelchair propulsion, we must consider the particular 
pathologies commonly afflicting this population and relate 
them to kinetic representation. The most commonly 
reported shoulder pathologies are impingement syn-
drome and joint instability. Posterior-lateral instability of 
the proximal ulna occurs at the elbow [21], and carpal tun-
nel syndrome commonly affects the wrist [8]. At the shoul-
der, the superior migration of the humeral head potentially 
causes the impingement of the rotator cuff tendon and the 
anterior and posterior displacement of the humeral head is 
associated with joint instability. Considering these patholo-
gies and forces, the ideal system for reporting the interseg-
mental joint force would be a proximal CS centered on the 
glenoid fossa. At the elbow, the intersegmental joint force 
with reference to a distal CS originating on the ulna would 
make sense to address the posterior-lateral instability of the 
proximal ulna. Without considering the pathology in the 
representation, the investigator may be unable to fully
explore the clinical question.

Moment representation is more complex than joint 
force representation because the chosen planes of motion 
should ideally represent the musculature functions within 
the body, while recognizing that physiologically, most 
muscles do not act entirely in one plane of motion. 

Figure.
Segment coordinate systems for joint forces of (a) trunk, (b) upper 
arm, (c) forearm, and (d) hand.



942

JRRD, Volume 46, Number 7, 2009
Schache and Baker investigated lower-limb joint moments 
and their clinical interpretation when differing reporting 
methods are used [22]. In choosing the most appropriate 
reference frame, Schache and Baker explained that the 
choice should be based on which CS is “most useful in 
understanding the biomechanics of gait with or without 

pathology” [22]. This statement is of global importance in 
biomechanics and can be applied equally to the UL. Their 
final recommendation was that a nonorthogonal JCS pro-
vides an implicit link to muscle activity and offers a clini-
cally useful representation of what a joint moment actually 
represents [22]. For the same reasons, we can argue that the 

Table 2.
Wheelchair propulsion coordinate system (CS) representations of joint forces and moments.

Joint Lead Author Year
Force

Representation
CS Origin

Moment
Representation

CS Origin

Shoulder Collinger et al. [1] 2008 Trunk Acromion and trunk
midline (2 marker sets)

Humerus Glenohumeral joint

Desroches et al. [2] 2008 NA NA Trunk Trunk midline

Mercer et al. [3] 2006 Trunk Acromion Trunk Acromion

Van Drongelen et al. [4] 2005 NA NA Trunk Trunk midline

Sabick et al. [5] 2004 Trunk Midline trunk Humerus (transverse) and
trunk (sagittal, frontal)

Shoulder joint center/
trunk center

Veeger et al. [6] 2002 NA NA Trunk Trunk midline

Koontz et al. [7] 2002 Trunk Shoulder joint center Trunk Shoulder joint center

Cooper et al. [8] 1999 3 different trunk
models

Shoulder joint center 3 different trunk
models

Shoulder joint center

Kulig et al. [9] 1998 Laboratory Laboratory Humerus Shoulder joint center

Elbow Van Drongelen et al. [4] 2005 NA NA Forearm Elbow center

Sabick et al. [5] 2004 Humerus Shoulder joint center Forearm (transverse) and
humerus (sagittal, frontal)

Elbow center/shoulder
center

Wrist Sabick et al. [5] 2004 Forearm Elbow center Hand (transverse) and forearm
(sagittal, frontal)

Wrist center/elbow
center

Boninger et al. [10] 1997 Hand Wrist center Hand Wrist center
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nonorthogonal JCS is appropriate for UL joints as well. To 
elucidate this point, we consider the elbow joint. With the 
elbow flexed to 90°, the abduction-adduction moment based 
on the proximal CS would be the same as the supination-
pronation moment based on the distal CS. This problem 
only grows when we consider the shoulder. Changes in 
what is considered an abduction-adduction moment versus 
a flexion-extension moment alter dramatically as soon as 
the humerus segment undergoes any axial rotation. Wu et 
al. experienced the same problem when trying to clearly 
represent shoulder kinematics with a classic Cardan
sequence; hence, the ISB recommends using the JCS with 
an Eulerian sequence [18]. The JCS provides the functional 
and anatomical relevance for moment representations that 
is incompatible with orthogonal axes [23].

CONCLUSIONS

We address the inconsistency of kinetic reporting in 
the wheelchair literature that attempts to address the clini-
cal problems experienced by manual wheelchair users.
This discussion is not relevant in purely academic prac-
tices but is put forth for clinically directed motivations. 
In the future, researchers should appropriately select a CS 
that can address the clinically driven questions for which 
they seek answers. Whether attached proximal or distal to 
a joint, CSs for force and moment representation should 
be centered within the joint of interest. The JCS offers a 
less ambiguous and more anatomically relevant represen-
tation of joint moments and a clear demonstration of 
muscle activity. Future implementation of clinically sig-
nificant standard practices will advance the field toward a 
full understanding of the link between wheelchair propul-
sion and pathology.
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