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Differences in Glenohumeral
Joint Contact Forces Between
Recovery Hand Patterns During
Wheelchair Propulsion With and
Without Shoulder Muscle
Weakness: A Simulation Study
The majority of manual wheelchair users (MWCU) develop shoulder pain or injuries, which
is often caused by impingement. Because propulsion mechanics are influenced by the
recovery hand pattern used, the pattern may affect shoulder loading and susceptibility to
injury. Shoulder muscle weakness is also correlated with shoulder pain, but how shoulder
loading changes with specific muscle group weakness is unknown. Musculoskeletal
modeling and simulation were used to compare glenohumeral joint contact forces (GJCFs)
across hand patterns and determine howGJCFs vary when primary shoulder muscle groups
are weakened. Experimental data were analyzed to classify individuals into four hand
pattern groups. A representative musculoskeletal model was then developed for each group
and simulations generated to portray baseline strength and six muscle weakness conditions.
Three-dimensional GJCF peaks and impulses were compared across hand patterns and
muscle weakness conditions. The semicircular pattern consistently had lower shear
(anterior-posterior and superior-inferior) GJCFs compared to other patterns. The double-
loop pattern had the highest superior GJCFs, while the single-loop pattern had the highest
anterior and posterior GJCFs. These results suggest that using the semicircular patternmay
be less susceptible to shoulder injuries such as subacromial impingement. Weakening the
internal rotators and external rotators resulted in the greatest increases in shearGJCFs and
decreases in compressive GJCF, likely due to decreased force from rotator cuff muscles.
These findings suggest that strengthening specific muscle groups, especially the rotator cuff,
is critical for decreasing the risk of shoulder overuse injuries. [DOI: 10.1115/1.4064590]
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1 Introduction

The majority of MWCU develop shoulder pain or injuries [1],
with impingement of the subacromial structures [2] and rotator cuff
tears [3] being common causes of shoulder pain. To prevent shoulder
pain and injuries, current clinical recommendations are to have
MWCU adopt propulsion techniques that decrease cadence,
increase the arc of contact with the pushrim (i.e., contact angle),
and increase contact time as a percentage of the propulsion cycle
[4,5]. The trajectory of the hand during the propulsion cycle (i.e.,
hand pattern, Fig. 1) influences the propulsion mechanics. For
example, the semicircular (SC) pattern is typically associated with
decreased cadence, increased contact angle [4–6], and decreased
joint accelerations [7], suggesting that it is a more favorable pattern

to use [8]. The double-loop (DL) pattern has also been associated
with lower cadence [5] and more effective (i.e., more tangentially
directed) handrim forces, similar to SC [9]. While the arcing (ARC)
and single-loop (SL) patterns are typically not recommended due to
increased cadence and decreased contact angles [5], recent work
found no difference between the SC and ARC patterns in
supraspinatus compression risk that may lead to joint pain [10].
Another study found that using the SL pattern during fast wheelchair
propulsion did not correlate with shoulder pain development [11].
Recentwork also found that SL had a smaller decrease in supraspinatus
and biceps tendon thickness right after propulsion compared to the
other patterns, suggesting that usingSL is less likely to result in strain or
injury to these tendons [12]. Thus, further analyses are needed to
understandhowdifferences associatedwith eachhandpattern influence
the susceptibility of the shoulder joint to pain and injury.
Musculoskeletal modeling and simulation are useful tools for

estimating joint loading and muscle forces. Previous modeling and
simulation work analyzing wheelchair propulsion has provided
insight into the role of the shoulder muscles during push and
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recovery [13,14], shoulder muscle forces and joint stability in the
presence of rotator cuff tears [15,16], and joint contact forces during
alternative tasks such as weight relief lifts [e.g., 17,18]. These
studies highlight the usefulness of simulations to investigate a
number of unmeasurable quantities, such asmuscle and joint contact
forces, that may lead to shoulder pain and injury.
Recent studies have used modeling and simulation to investigate

the upper extremity demands associated with propulsion technique
[19,20]. One study demonstrated that each hand pattern has unique
muscle power and stress requirements, with the SC and DL patterns
requiring the least overall muscle demand [19]. Another study found
that shoulder joint loading was decreased when participants used a
larger contact angle and decreased cadence [20]. Although these
propulsion characteristics are related to hand patterns, joint contact
loading has not been examined across different hand patterns to
provide insight into whether specific patterns might influence the
shoulder’s susceptibility to injury.
Shoulder muscle weakness is correlated with shoulder pain [21],

and programs aimed at strengthening the shoulder adductors
[22–24] and external rotators [24–26] are recommended for
MWCU in order to decrease the risk of shoulder pain and
impingement. However, how shoulder joint loading changes when
specific muscle groups are weakened is still unknown. These
changes are likely to vary between hand patterns [e.g., 19] as each
hand pattern has uniquemuscle force demands. For example, SL and
ARC tend to require more anterior and middle deltoid power [19]
and modeling has shown that the anterior and middle deltoids and
rotator cuff muscles tend to compensate for one another when
weakened individually [27]. When combined with additional
muscle weaknesses that require anterior and middle deltoid
compensation, the SL and ARC patterns could further destabilize
the glenohumeral joint and put the shoulder at risk of impingement
[e.g., 15]. Therefore, evaluating how specific muscle group weak-
ness affects shoulder joint loading across different hand patterns
would provide further insight into factors contributing to the
development of shoulder pain and injuries.
The purpose of this studywas to identify howshoulder joint contact

forces vary across recovery hand patterns to gain insight into shoulder
pain and injury mechanisms. A secondary purpose was to determine
how joint loading patterns change when the primary shoulder muscle
groups (abductors, adductors, flexors, extensors, internal rotators, and
external rotators) are weakened, and how the hand pattern used
influences changes in shoulder joint loading due to muscle weakness.
We expected that (1) hand patterns with higher anterior and middle
deltoid forces, which elevate the humeral head (e.g., SL and ARC),
will be accompanied by higher shoulder joint contact forces, and (2)
weakeningmuscle groupswith amajority of humeral head depressors
(e.g., shoulder adductors, extensors, internal and external rotators)
will cause increases in shoulder joint contact loading.

2 Methods

2.1 ExperimentalData. Simulationswere based on previously
collected kinematic and kinetic data [23]. These data were collected

at RanchoLosAmigosNational RehabilitationCenter fromMWCU
with complete paraplegia and free from shoulder pain. Participants
propelled their own wheelchair on a stationary ergometer during a
40-second trial at their self-selected speed, with data collected
during the final 10 s during steady-state propulsion. Kinematic data
were collected from the trunk, right-side upper extremity, andwheel
using a 4-scanner CODA motion analysis system (Charnwood
Dynamics Ltd., Leicestershire, UK) and 15 markers placed on body
segment landmarks and the right wheel [28]. Three-dimensional
kinetic data were collected from the right handrim using an
instrumented wheel (SmartWheel; Out-Front, Pasco, WA). Kine-
matic and kinetic data were filtered in Visual3D (C-Motion, Inc.,
Germantown, MD) using low-pass, fourth-order, zero-lag Butter-
worth filters with cutoff frequencies of 6 and 10Hz, respectively. A
5N threshold for the resultant handrim force was used to identify the
push and recovery phases of the propulsion cycle.
To determine each participant’s hand pattern, the third metacar-

pophalangeal joint center (MCP3) was located using a previously
described method [29] and the MCP3 trajectory was projected onto
the handrim plane using custom Matlab (Mathworks, Natick, MA)
code. Representative trajectories were created by averaging across
cycles for each participant. Two quantitative parameters based on
the hand’s distance above the handrim and total distance from the
handrim were calculated for each participant and used to classify
which hand pattern was used by the individual [for details, see 30].
After classification, representative participants for each hand pattern
were selected to minimize confounding factors that might influence
the simulation results. Specifically, five individuals from each hand
pattern group were selected based on level of spinal cord injury (T8-
L5) and who produced the smallest root-mean-square differences in
age, time from injury, height, mass, and propulsion speed from the
group average (Table 1). Average data from these five individuals in
each group were used to create group-averaged MCP3 trajectory,
trunk, shoulder, elbow, and forearm angles and handrim force
profiles for each hand pattern group. Then, a representative
participant for each group was chosen whose average data best
emulated the group-averaged data, and a representative cycle from
that participant was selected using a functional median depth
method with hand trajectory, handrim forces and joint angles as the
criteria [31]. These representative propulsion cycles were then used
to generate simulations for each hand pattern.

2.2 Musculoskeletal Model. An upper extremity musculoskel-
etal model developed by Saul et al. [32] and modified by McFarland
et al. [33] was scaled to each representative participant using the
experimentalmarker data and participantmass. Themodel consisted of
trunk, right side upper arm, forearm, and hand segments, with a total of
13 degrees-of-freedom. Trunk lean over the whole propulsion cycle
was prescribed based on the experimental kinematic data, clavicle and
scapula motions were prescribed as a function of shoulder elevation
[34], and the wrist was locked in the anatomical position. Thus, five
degrees-of-freedom were independent: forearm pronation/supination,
elbow flexion/extension, and shoulder plane-of-elevation, elevation
angle and internal/external rotation angle [35].

Fig. 1 Four commonly used hand patterns: arcing (ARC), semicircular (SC), single-loop (SL), and double-
loop (DL) observed during manual wheelchair propulsion. Arrows represent the direction of the hand’s
motion during the push and recovery phases.
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Table 1 Hand pattern groups from which the representative propulsion cycles were chosen. Individuals were chosen such that
differences between groups in age, time from injury, level of injury, height, mass and propulsion speedwereminimized. All values are
mean6 standard deviation.

Hand pattern group Participant Age (years) Time from injury (years) Level of injury Height (m) Mass (kg) Propulsion speed (m/s)

Semicircular 1 32.9 14.6 T12 1.70 87.9 0.67
2 34.6 1.9 T10 1.75 73.9 1.02
3 22.8 2.1 T9 1.68 60.2 1.03
4 36.0 19.5 T10 1.73 74.4 0.73

5 32.8 13.1 T12 1.65 55.9 1.13
31.86 5.2 10.26 7.9 1.706 0.04 70.56 12.7 0.926 0.20

Arcing 6 22.1 3.5 T12 1.75 71.6 0.83
7 29.3 2.2 T12 1.65 85.5 0.90

8 41.5 10.0 T10 1.68 85.9 1.31
9 40.1 4.8 T12 1.78 76.2 1.26
10 25.3 8.0 T10 1.68 60.2 1.20

31.66 8.7 5.76 3.2 1.716 0.05 75.96 10.7 1.106 0.22

Single-loop 11 42.2 1.8 T11 1.68 71.4 1.10

12 33.7 16.3 T12 1.73 68.1 1.34
13 38.7 5.0 T12 1.63 65.5 1.07
14 32.9 2.0 T10 1.70 83.1 0.90
15 35.0 2.0 T12 1.70 87.6 1.02

36.56 3.9 5.46 6.2 1.696 0.03 75.16 9.7 1.096 0.16

Double-loop 16 36.6 2.9 T11 1.65 71.2 1.28
17 32.6 10.0 T9 1.68 65.9 0.90

18 25.5 4.8 T9 1.70 75.0 0.78
19 39.3 13.3 T12 1.70 75.8 0.66
20 31.7 2.3 L1 1.78 77.0 1.04

33.16 5.3 6.76 4.8 1.706 0.04 73.06 4.5 0.936 0.24
All 33.36 5.9 7.06 5.7 1.706 0.04 73.66 9.3 1.016 0.21

The representative participant chosen from each group (based on hand trajectory, handrim forces and joint angles) is underlined.

Table 2 Upper extremity muscles included in the model

Muscle Abbreviation Origin Insertion Baseline maximum isometric force (N)

Deltoid
Anterior DELT1 Clavicle Humerus 1218.9
Middle DELT2 Scapula Humerus 1103.5
Posterior DELT3 Scapula Humerus 201.6

Supraspinatus SUPSP Scapula Humerus 499.2
Infraspinatus INFSP Scapula Humerus 1075.8
Subscapularis SUBSC Scapula Humerus 1306.9
Teres minor TMIN Scapula Humerus 269.5
Teres major TMAJ Scapula Humerus 144.0

Pectoralis major
Clavicular PECM1 Clavicle Humerus 444.3
Sternal PECM2 Throax Humerus 658.3
Ribs PECM3 Thorax Humerus 498.1

Latissimus dorsi
Thoracic LAT1 Thorax Humerus 290.5
Lumbar LAT2 Throax Humerus 317.5
Iliac LAT3 Throax Humerus 189.0

Coracobrachialis CORB Scapula Humerus 208.2
Triceps

Long TRIlong Scapula Ulna 771.8
Lateral TRIlat Humerus Ulna 717.5
Medial TRImed Humerus Ulna 717.5

Anconeus ANC Humerus Ulna 283.2
Supinator SUP Ulna Radius 379.6

Biceps
Long BIClong Scapula Radius 525.1
Short BICshort Scapula Radius 316.8

Brachialis BRA Humerus Ulna 1177.4
Brachioradialis BRD Humerus Radius 276.0
Pronator teres PT Humerus Radius 557.2
Pronator quadratus PQ Ulna Radius 284.7
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The model included 26 Hill-type musculotendon actuators [36]
representing the primary muscles that cross the shoulder and elbow
joints (Table 2). Previous work has found that shoulder moments are
much higher than elbow and wrist joint moments [e.g., 37], and that
the hand and forearm segments are used primarily for transferring
power to the handrim, rather than generating power [e.g., 38].
Therefore, we chose to remove wrist and hand muscles (with the
exception of wrist muscles contributing to forearm pronation/
supination) in order to improve computational efficiency.

2.3 Simulation and Optimization Framework. Simulations
were generated using OpenSim 4.0 [39]. First, individual joint
angleswere calculated using an inverse kinematics algorithm in order
to minimize the error between experimental and model markers [39].
The resulting kinematics and experimental handrim forces (applied
directly to the hand during the push phase, Fig. 7 in the Appendix)
were used for tracking during simulations. A computed muscle
control algorithm was used to determine the muscle excitations that
reproduced the experimental kinematics while minimizing muscle
activations squared [40,41]. The resulting muscle excitations were
monitored to confirm that they were consistent with EMG timings
reported in the literature [42–44] (Figs. 8–11 in the Appendix).
Baseline simulations of each hand pattern were generated using

the baseline isometric muscle force values (Table 2). In the
weakened simulations, muscles within each primary muscle group
of interest (shoulder flexors, extensors, abductors, adductors,
internal rotators and external rotators)wereweakened by decreasing
their peak isometric muscle force by 30% relative to the baseline
model (Table 3). A reduction of 30%was chosen in order to provide
a meaningful difference while still remaining within ranges of
shoulder strength forMWCU [e.g., 45]. Excitations of theweakened
muscles were constrained so that they could not exceed their
baseline simulation values in order to ensure the muscles did not
produce increased force through higher excitation levels.

2.4 Analysis. Seven simulations were analyzed for each of the
four representative hand patterns (representing baseline strength and
the six weakened conditions) for a total of 28 simulations.
Glenohumeral joint contact forces (GJCF) for each simulation

were determined using OpenSim’s JointReaction analysis. The
GJCF originates at the humeral head joint center and acts on the
glenoid, and was transformed into the scapula’s reference frame
using custom Matlab code. The peak and impulse of the three
independent components of the GJCF (i.e., anterior-posterior
(shear), superior-inferior (shear) and medial (compressive)) were
compared between each condition and across hand patterns. We
chose to evaluate all three components of the GJCF separately in
order to observe the shoulder’s susceptibility to injury in each
direction, since we were unable to enforce a stability constraint
within the computed muscle control framework. Peak and impulse
measures were selected because it is unclear whether a higher but
less frequent force (peak) or moderate-to-high sustained forces over
time (impulse) are more likely to result in shoulder pain or injuries.
The peak forces and impulses were also compared in the push and
recovery phases separately to determine their contributions during
the full propulsion cycle. GJCF impulses were calculated by taking
the time integral of the corresponding force during the push and
recovery phases and over the full cycle.

3 Results

3.1 Tracking Kinematics. In the baseline simulations, the
resulting kinematics closely replicated the joint angles from inverse
kinematics for each participant, staying within one standard
deviation (SD) of the experimental values. For the weakened
simulations, kinematics for all joint angles remained within one SD
of their experimental values, except for the DL pattern simulation with
weakened internal rotators (Table 6 in theAppendix). In this simulation,
the shoulder plane-of-elevation, elevation angle and rotation angle
deviated outside one SD of the experimental values. (Figs. 12–15 in the
Appendix). In addition, for all simulations, the resultant shoulder and
elbow joint moments compared well with the corresponding moments
determined using Visual3D (e.g., Fig. 16 in the Appendix).

3.2 Comparison Between Baseline Hand Patterns. Hand
patterns with higher anterior and middle deltoid forces, which
elevate the humeral head, were generally accompanied by higher
GJCFs. The SL and DL patterns had the highest average anterior
deltoid forces (74.3N and 71.7N, respectively) and had the highest
superior GJCF impulses, while the SL and ARC patterns resulted in
the highest average middle deltoid forces (168.3N and 158.4N,
respectively) and the highest anterior GJCF impulses. The SC
pattern had the lowest average anterior and middle deltoid forces
(58.0N and 138.7N, respectively) and resulted in the lowest anterior
and posterior and second-lowest superior GJCF impulses.
The SL and DL patterns had the highest and second-highest peak

anterior GJCFs (Table 4), and the SL and ARC patterns had the
highest and second-highest anterior GJCF impulses (Table 5),
respectively. TheSLandDLpatterns had the highest posteriorGJCF
peaks and impulses (Figs. 2(a) and 2(b)).
The DL and ARC patterns had the highest and second-highest

peak superior GJCFs, respectively (Fig. 2(c)). The DL and SL
patterns had the highest and second-highest superior GJCF
impulses, respectively (Fig. 2(d)).
The SL and ARC patterns had the highest and second-highest

peak medial (i.e., compressive) GJCFs, respectively (Fig. 2(e)). The
DL andSLpatterns had the highest and second-highestmedialGJCF
impulses, respectively (Fig. 2(f)).

3.3 Comparison Between Weakness Conditions

3.3.1 Anterior-Posterior Glenohumeral Joint Contact Forces.
Weakening the external rotators produced either the highest or
second-highest anterior GJCF peak (Figs. 3(a)–6(a)) in the ARC,
DL and SL hand patterns and the highest or second-highest anterior
GJCF impulse in all patterns (Figs. 3(b)–6(b)). Weakening the
extensors produced the second-highest peak anteriorGJCF in the SC
and DL patterns, and the second-highest anterior GJCF impulses in
the ARC, DL and SL patterns. Weakening the adductors resulted in
the highest anterior GJCF peak in the SC, ARC and SL patterns.

Table 3 Upper extremity muscle groups that were weakened in
each simulation. Muscles represent the prime power generators
in each group.

Weakened simulation Muscle Abbreviation

Flexors
Anterior deltoid DELT1

Pectoralis major (clavicular) PECM1

Extensors
Posterior deltoid DELT3
Teres major TMAJ

Latissimus dorsi LAT1-3

Abductors
Middle deltoid DELT2
Supraspinatus SUPSP

Adductors
Teres major TMAJ

Pectoralis major PECM1-3
Latissimus dorsi LAT1-3

Internal rotators
Anterior deltoid DELT1
Subscapularis SUBSC
Teres major TMAJ

Pectoralis major PECM1-3
Latissimus dorsi LAT1-3

External rotators
Posterior deltoid DELT3
Infraspinatus INFSP
Teres minor TMIN
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Table 4 Peak anterior-posterior, superior-inferior and medial glenohumeral joint contact forces (GJCFs) for all simulations during
push and recovery

Anterior (þ)/Posterior (�) GJCF (N) Superior (þ)/Inferior (�) GJCF (N) Medial (�) GJCF (N)

Positive peak Negative peak Positive peak Negative peak Negative peak

Push Recovery Push Recovery Push Recovery Push Recovery Push Recovery

SC

Baseline 103.90 47.34 �134.95 �182.68 166.35 281.39 �1.22 — �280.33 �411.88
Adductors 153.38 37.32 �135.96 �171.86 168.75 245.72 �3.57 — �268.05 �404.84
Abductors 106.81 — �223.93 �299.92 94.99 122.47 �32.12 �28.31 �316.65 �450.67
External rotators 109.20 66.80 �120.28 �151.39 213.09 337.52 — — �269.88 �426.55
Internal rotators 55.16 51.84 �531.36 �234.21 213.60 269.93 — — �239.22 �324.46
Extensors 110.00 52.78 �129.71 �173.79 175.68 286.42 �13.99 — �271.66 �468.10
Flexors 37.87 32.92 �136.46 �176.69 157.51 254.93 �11.04 — �299.52 �390.37
ARC

Baseline 126.28 62.43 �152.79 �241.90 170.02 289.91 — — �258.42 �414.94
Adductors 162.57 49.87 �134.54 �221.08 168.68 269.90 �9.96 — �225.79 �375.64
Abductors 115.30 — �246.01 �306.31 99.52 144.23 �34.73 �93.77 �329.30 �514.90
External rotators 149.99 100.87 �130.84 �184.84 254.63 353.54 — — �255.27 �428.60
Internal rotators 41.77 61.60 �518.97 �383.85 224.45 279.95 — — �222.11 �334.04
Extensors 130.45 73.60 �137.95 �236.92 172.49 302.32 �7.31 — �253.48 �426.26
Flexors 45.10 49.21 �154.72 �229.11 162.86 264.92 — — �340.13 �372.27
SL

Baseline 176.21 115.27 �210.58 �356.34 225.71 279.50 — — �324.46 �452.72
Adductors 238.21 98.45 �196.38 �342.64 219.92 272.67 — — �334.37 �423.50
Abductors 164.01 — �327.22 �443.46 138.88 148.89 — �120.18 �397.05 �743.55
External rotators 198.06 136.05 �173.47 �298.78 331.49 419.09 — — �330.00 �421.73
Internal rotators 90.19 95.75 �196.62 �334.62 176.41 386.82 — — �253.97 �435.72
Extensors 184.91 129.71 �204.12 �362.71 225.60 301.03 — — �316.58 �475.24
Flexors 79.62 94.07 �226.86 �347.04 223.73 262.81 — — �392.41 �432.07
DL

Baseline 129.69 39.72 �223.26 �318.17 210.61 331.34 — — �314.96 �367.07
Adductors 130.74 31.27 �205.48 �312.04 193.23 310.86 — — �292.21 �352.86
Abductors 93.63 - �306.22 �372.27 162.74 172.75 — — �377.67 �451.96
External Rotators 136.31 69.66 �181.59 �281.27 394.76 460.10 — — �337.53 �361.34
Internal Rotators 34.52 31.26 �289.58 �369.09 435.01 462.06 — — �396.47 �530.46
Extensors 131.80 53.23 �227.06 �333.48 180.33 346.55 — — �323.11 �392.91
Flexors 49.96 31.12 �206.75 �317.15 220.52 309.28 — — �343.43 �386.72

Table 5 Anterior-posterior, superior-inferior andmedial glenohumeral joint contact force (GJCF) impulses for all simulations during
push, recovery, and the full cycle

Anterior (þ)/Posterior (�) GJCF impulse (Ns) Superior (þ)/Inferior (�) GJCF impulse (Ns) Medial (�) GJCF impulse (Ns)

Positive impulse Negative impulse Positive impulse Negative impulse Negative impulse

Push Recovery
Full
cycle Push Recovery

Full
cycle Push Recovery

Full
cycle Push Recovery

Full
cycle Push Recovery

Full
cycle

SC

Baseline 18.88 3.91 22.79 �19.25 �75.50 �94.75 40.93 144.27 185.20 �0.02 — �0.02 �148.71 �233.61 �382.32
Adductors 32.83 2.39 35.22 �19.44 �74.44 �93.88 55.74 127.32 183.07 �0.09 — �0.09 �138.77 �221.94 �360.71
Abductors 18.71 — 18.71 �29.26 �150.68 �179.94 25.68 39.22 64.90 �2.75 �2.20 �4.95 �151.91 �297.36 �449.27
External rotators 24.11 6.73 30.84 �14.58 �54.25 �68.84 52.66 180.66 233.32 — — — �145.27 �230.38 �375.66
Internal rotators 6.60 3.67 10.28 �70.18 �74.34 �144.52 64.99 148.34 213.33 — — — �122.87 �183.53 �306.40
Extensors 21.15 4.13 25.28 �16.94 �73.29 �90.24 40.72 138.79 179.52 �0.36 — �0.36 �145.26 �253.97 �399.23
Flexors 3.85 1.88 5.73 �27.03 �75.73 �102.76 27.75 131.18 158.94 �0.35 — �0.35 �156.63 �220.92 �377.55
ARC

Baseline 25.58 13.94 39.52 �9.89 �85.36 �95.24 40.24 135.77 176.01 — — — �111.99 �271.46 �383.45
Adductors 32.08 8.47 40.55 �10.15 �78.31 �88.46 39.38 120.62 160.00 �0.08 — �0.08 �101.22 �250.92 �352.14
Abductors 17.06 — 17.06 �18.26 �170.31 �188.56 23.47 35.39 58.86 �1.60 �18.55 �20.15 �120.79 �345.57 �466.36
External rotators 32.86 24.39 57.25 �8.55 �60.17 �68.72 46.35 198.05 244.40 — — — �107.14 �260.80 �367.94
Internal rotators 6.03 6.46 12.49 �33.48 �82.02 �115.49 47.97 144.84 192.80 — — — �90.56 �216.85 �307.41
Extensors 27.66 16.66 44.32 �9.88 �79.35 �89.24 36.37 131.97 168.34 �0.02 — �0.02 �110.11 �284.68 �394.78
Flexors 4.15 7.65 11.80 �14.61 �84.34 �98.95 26.99 121.05 148.03 — — — �130.70 �256.36 �387.06
SL

Baseline 33.19 34.88 68.07 �16.52 �87.47 �103.99 69.80 151.44 221.24 — — — �129.55 �255.07 �384.62
Adductors 41.18 27.44 68.62 �15.67 �83.61 �99.28 74.07 136.14 210.21 — — — �123.82 �237.72 �361.54
Abductors 21.69 — 21.69 �34.59 �212.66 �247.25 43.62 39.52 83.14 — �18.08 �18.08 �142.86 �391.28 �534.14
External rotators 37.94 45.12 83.06 �13.88 �69.15 �83.03 77.56 203.53 281.09 — — — �126.03 �247.20 �373.23
Internal rotators 9.36 27.18 36.54 �39.03 �79.79 �118.81 46.60 147.02 193.61 — — — �92.45 �210.66 �303.11
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In the posterior direction, weakening the abductors resulted in the
highest or second-highest peak posterior GJCF and highest posterior
GJCF impulse in all hand patterns, and weakening the internal
rotators resulted in the highest or second-highest peak posterior
GJCF in the SC, ARC and DL patterns. Similarly, the weakened
internal rotators simulations produced the second-highest posterior
GJCF impulse in all hand patterns.

3.3.2 Superior-Inferior Glenohumeral Joint Contact Forces. In
all hand patterns, weakening the external rotators resulted in the
highest superior GJCF peak (Figs. 3(c)–6(c)) and impulse (Figs.

3(d)–6(d)). In addition, weakening the internal rotators resulted in
the second-highest peak superior GJCF in the DL and SL patterns,
and the second-highest peak superior GJCF impulses in the SC,
ARC and DL patterns. Weakening the abductors resulted in the
highest peak inferior (most negative) GJCF and inferior GJCF
impulse for the SC, ARC and SL patterns, and the lowest superior
peak GJCF and superior GJCF impulse in the DL pattern.

3.3.3 Medial Glenohumeral Joint Contact Forces. The peak
medial (most negative) GJCF occurred in the weakened abductors
simulation in the ARC and SL hand patterns (Figs. 3(e)–6(e)). The

Table 5 (continued)

Anterior (þ)/Posterior (�) GJCF impulse (Ns) Superior (þ)/Inferior (�) GJCF impulse (Ns) Medial (�) GJCF impulse (Ns)

Positive impulse Negative impulse Positive impulse Negative impulse Negative impulse

Push Recovery
Full
cycle Push Recovery

Full
cycle Push Recovery

Full
cycle Push Recovery

Full
cycle Push Recovery

Full
cycle

Extensors 34.81 41.33 76.14 �15.83 �86.22 �102.05 67.25 154.76 222.00 — — — �125.36 �269.69 �395.05
Flexors 9.11 23.89 33.00 �19.81 �93.04 �112.85 54.71 133.93 188.64 — — — �147.37 �253.58 �400.95
DL

Baseline 32.12 5.36 37.48 �18.20 �154.48 �172.67 89.34 211.97 301.31 — — — �133.36 �307.08 �440.44
Adductors 31.13 3.89 35.02 �18.18 �147.02 �165.20 85.31 193.68 278.99 — — — �123.33 �287.93 �411.26
Abductors 17.53 — 17.53 �31.87 �263.97 �295.84 63.58 82.33 145.91 — — — �144.33 �389.91 �534.24
External rotators 33.80 10.97 44.77 �15.46 �125.26 �140.72 92.68 291.36 384.03 — — — �125.70 �297.46 �423.16
Internal rotators 2.20 2.36 4.56 �39.27 �145.67 �184.94 106.01 224.19 330.20 — — — �124.53 �276.99 �401.52
Extensors 30.16 7.46 37.62 �18.04 �155.05 �173.08 77.92 206.53 284.45 — — — �125.69 �323.73 �449.42
Flexors 11.42 3.10 14.52 �19.18 �150.16 �169.34 74.32 197.23 271.55 — — — �156.65 �294.16 �450.81

Fig. 2 Anterior-posterior (a–b), superior-inferior (c–d) andmedial (e–f) glenohumeral joint contact forces (GJCFs)
over the full cycle (a, c, e) andGJCF impulses (b, d, f) for the arcing (ARC), double-loop (DL), semicircular (SC) and
single-loop (SL) baseline simulations. Darker shaded regions indicate contributions to the GJCF impulse during
the push phase (b, d, f). Note: y axes are scaled to the data and not consistent between graphs.
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Fig. 3 Anterior-posterior (a–b), superior-inferior (c–d) andmedial (e–f) glenohumeral joint contact forces (GJCFs)
over the full cycle (a, c, e) and GJCF impulses (b, d, f) for all the semicircular (SC) pattern simulations. Shaded
regions indicate contributions to the GJCF impulse during the push phase (b, d, f). Note: y axes are scaled to the
data and not consistent between graphs.

Fig. 4 Anterior-posterior (a–b), superior-inferior (c–d) andmedial (e–f) glenohumeral joint contact forces (GJCFs)
over the full cycle (a, c, e) and GJCF impulses (b, d, f) for all the arcing (ARC) pattern simulations. Shaded regions
indicate contributions to the GJCF impulse during the push phase (b, d, f). Note: y axes are scaled to the data and
not consistent between graphs.
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peak medial GJCF occurred in the weakened internal rotators
simulation for the DL pattern and in the weakened extensors
simulation for the SC pattern. Weakening the abductors resulted in
the highest medial GJCF impulse in all patterns (Figs. 3(f)–6(f)).

4 Discussion

This study compared GJCFs between four commonly used hand
patterns and determined how those forces change when primary
shoulder muscle groups are weakened. We expected that hand
patterns with increased anterior and middle deltoid forces would
correspond to higherGJCFs,whichwas partially supported. Patterns
with higher anterior deltoid forces had higher superior GJCFs.
However, the middle deltoid forces were very similar between
patterns. We also expected that weakening the adductors, extensors,
internal rotators and external rotators would result in increased
GJCFs, which was also partially supported. In general, weakening
the external rotators did increase anterior and superior shear forces
while decreasing compressive forces, and weakening the internal
rotators resulted in large peaks in the GJCFs with decreased
compressive force impulses.However,weakening the adductors and
extensors did not produce substantial changes in the GJCFs
compared to the baseline conditions.
The magnitude of the GJCFs were in agreement with previous

work [e.g., 17,46–48], where peak resultant force values ranged
from 350 to 800N, and peak resultant force values from the baseline
simulations ranged from 450 to 600N. In the present study, peak
values occurred in the recovery phase, unlike other work that found
peak GJCFs occur during the push phase [e.g., 48]. During the push-
to-recovery phase transition, the inertial forces of the arm require the
muscles to activate in order to slowdown and reverse the direction of
the arm [14]. Furthermore, the experimentally determined shoulder
joint intersegmental forces, which include inertial forces and
external forces but not compressive muscle forces [49], also peak in
the early recovery phase (e.g., Fig. 17 in theAppendix). This confirms

that inertial forces are quite high in this region, as external forces from
the handrim are not present, and contributions from gravity to the
intersegmental forces are typically low.Otherwork that foundGJCFs
peaked in the early recovery phase also found that this peak coincided
with joint intersegmental forces [17]. Therefore, these inertial forces
require high muscle forces in the early recovery phase to reverse the
arm movement, which increases the GJCFs.

4.1 Tracking Kinematics. The DL pattern with weakened
internal rotators was the only simulation that was not able to
replicate the kinematics within one SD of the experimental values.
In an effort to understand why, we ran an induced acceleration
analysis posthoc to determine which muscles contribute to the
acceleration of the shoulder angles. In the DL baseline simulation,
the subscapularis was the highest contributor to the acceleration of
shoulder plane-of-elevation during the recovery phase, which is not
the case for the other hand patterns. Subscapularis is a primary
internal rotator, and therefore weakened in this simulation.
Consequently, the DL weakened internal rotators simulation
kinematics are affected by subscapularis weakness more than the
other patterns. In addition, subscapularis is also a primary
contributor to both shoulder elevation and rotation angles for all
hand patterns during the recovery phase. In fact, all shoulder
muscles contribute to the acceleration of more than one
shoulder angle [50]. Therefore, deviations due to muscle weakness
in any one of these shoulder angles could make it more challenging
for the other shoulder angles to track the experimental values,
which is likely why the shoulder elevation and rotation angles also
deviated outside of one SD of the experimental values in this
simulation.

4.2 Comparison Between Baseline Hand Patterns. The SC
and ARC patterns had the lowest anterior and posterior GJCFs,
while the SL pattern had the highest anterior GJCFs. Generally,

Fig. 5 Anterior-posterior (a–b), superior-inferior (c–d) andmedial (e–f) glenohumeral joint contact forces (GJCFs)
over the full cycle (a, c, e) and GJCF impulses (b, d, f) for all the single-loop (SL) pattern simulations. Shaded
regions indicate contributions to the GJCF impulse during the push phase (b, d, f). Note: y axes are scaled to the
data and not consistent between graphs.
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increases in anterior GJCFs act to decrease shoulder joint stability
[51]. However, either anteriorly- or posteriorly-directed forces are
still shear in nature and should be minimized to reduce the potential
for injury or dislocation. In fact, the anterior and posterior directions
have a much lower threshold for dislocation than the superior-
inferior direction [52]. Therefore, the SC pattern had the most
favorable GJCFs than the other patterns in the anterior-posterior
direction.
The DL and SL patterns had higher superior GJCF impulses than

the SC and ARC patterns, and the DL pattern had the highest peak
superiorGJCF. Previouswork found that anterior andmiddle deltoid
forces were significant contributors to the superior GJCF [53].
Therefore, the increased superior GJCF in the DL and SL patterns
may be attributed to the higher peak anterior deltoid force in these
patterns compared to ARC and SC (Fig. 18 in the Appendix). Even
though superior-inferior joint contact force is less susceptible to
joint dislocation than in the anterior-posterior direction [52],
increased superior forces at the shoulder are often associated with
the potential for subacromial impingement [e.g., 54]. Therefore, the
lower superior GJCF in the SC andARC patterns suggests that using
one of these patterns is less likely to contribute to pathologies such as
shoulder impingement.
Unlike the anterior-posterior and superior-inferior directions,

having increased medial force is preferred because the medial force
keeps the humeral head compressed against the glenoid fossa, which
allows the glenohumeral joint to withstand more shear force [52].
Because the glenohumeral joint used in this study is fixed and
therefore inherently stable, decreased compressive force will not
destabilize the joint, and increased compressive force will not
further stabilize the joint. Therefore, increased compressiveGJCF in
these simulations does not necessarily indicate any increased or
decreased risks for injury, but rather provides insight into which
muscles should be strengthened to avoid overuse injury, as they will

be needed not just for propulsion demands, but will have increased
demands when needed to stabilize the glenohumeral joint [51]. We
found that theDLpattern had the highest compressive force impulse,
and the SL and ARC patterns had the highest and second-highest
peak compressive force. These compressive force peaks may be due
to the activity of the rotator cuff muscles. Previous work found that
the lines of action of the rotator cuff muscles provide compressive
force to the glenohumeral joint [55]. In the early recovery phase, the
SC pattern had a much lower peak infraspinatus force than the other
patterns, which may contribute to its lower compressive force (Fig.
18 in the Appendix). Similarly, other work found that the SC pattern
had decreased muscle activity from the recovery phase muscles in
the late push phase (i.e., less cocontraction during the transition)
than self-selected patterns [6]. Therefore, rehabilitation programs
for MWCU should seek to increase cocontraction during the
push-to-recovery-phase transition, where more muscle activity is
needed to help slow down and change direction of the arm [14],
and strengthen the rotator cuff muscles, which provide power
to the arm during both push (infraspinatus) and recovery
(subscapularis) [14] and whose forces will increase when stability
is required [56].

4.3 Comparison Between Weakness Conditions. In all hand
patterns, weakening the internal rotators produced large peaks in the
GJCFs in the transition region. The subscapularis is weakened in
the weakened internal rotators simulation, and is active at the end of
the push phase and early recovery phase to reposition the hand and
accelerate it posterior [14]. Since the subscapularis cannot produce
as much force in the weakened internal rotators condition, the
simulation increased posterior deltoid and biceps activity to
compensate, resulting in a large peak posterior deltoid and biceps
long head force, and consequently large posterior (SC and ARC),

Fig. 6 Anterior-posterior (a–b), superior-inferior (c–d) andmedial (e–f) glenohumeral joint contact forces (GJCFs)
over the full cycle (a, c, e) and GJCF impulses (b, d, f) for all the double-loop (DL) pattern simulations. Shaded
regions indicate contributions to the GJCF impulse during the push phase (b, d, f). Note: y axes are scaled to the
data and not consistent between graphs.
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superior (all patterns) and compressive (DL) GJCF peaks [53] (see
excitations, Figs. 8–11 in the Appendix). The biceps long head pulls
the humeral head downward to prevent upward migration [57], and
other work that simulated rotator cuff tears found that biceps muscle
force increasedwhen supraspinatus, infraspinatus and subscapularis
tears were present, resulting in more posterior and superior GJCFs
[15]. Weakening the internal rotators also resulted in decreased
compressive force impulses, despite the compressive force peak that
occurs in the DL patterns. This decrease in compressive force
impulse is likely due to decreases in infraspinatus and subscapularis
forces (see excitations, Figs. 8–11 in the Appendix), which provide
glenohumeral joint compression [52]. Therefore, having weakened
internal rotators increases glenohumeral joint shear forces, likely
putting MWCU at risk of shoulder injury, particularly during the
transition region of the propulsion cycle, regardless of the hand
pattern used.
Weakening the external rotators increased shear force in both the

anterior and superior directions, and slightly decreased compressive
GJCFs for all hand patterns. Increases in the superior direction were
likely caused by increased force from the middle deltoid, a
significant contributor to superior glenohumeral shear force [53]
(see excitations, Figs. 8–11 in the Appendix). In addition, similar to
the internal rotators, weakening the external rotators caused
decreases in infraspinatus and subscapularis activity, likely causing
the decreased compressive force. Therefore, weakened external
rotators may make MWCU more susceptible to shoulder injuries
like subacromial impingement, regardless of hand pattern used.
An interesting result was that weakening the adductors and

extensors did not elicit large differences from the baseline
simulations, contrary to our expectations. Although the adductors
and extensors contain a majority of humeral head depressors, these
muscle groups do not contain any rotator cuff muscles. Therefore,
the changes in GJCFs occurring in the weakened internal and
external rotators simulations combined with the lack of change in
GJCFs in the weakened adductors and extensors simulations are
likely attributed to sufficient compensation from the rotator cuff
muscles. Therefore, strengthening the rotator cuff muscles, namely,
the infraspinatus, supraspinatus, subscapularis and teres minor may
be the most effective strategy for keeping shear GJCFs low and
avoiding overuse muscle injuries, considering increases in rotator
cuff muscle forces will be needed for maintaining stability [56].
Another interesting result was that for all hand patterns,

weakening the abductors increased compressive forces and
decreased anterior and superior shear forces, although posterior
shear forces increased. Weakening the abductors weakened the
middle deltoid, which produced an increase in posterior deltoid,
infraspinatus and subscapularis activity to compensate, agreeing
with previous work that found that weakening the middle and
posterior deltoid increased subscapularis and infraspinatus muscle
power [27]. Therefore, this decreased muscle force from the middle
deltoid and subsequent increase from the posterior deltoid likely
decreased the superior and anterior (and increased posterior) GJCFs,
respectively. In addition, increases in infraspinatus and subscapu-
laris activity likely increased the compressive forces. A previous
study implementing a strengthening program that targeted the
rotator cuff, specifically the infraspinatus and supraspinatus, found
decreases in shoulder pain [26]. Therefore, the results of the present
study further highlight the need forMWCU to strengthen the rotator
cuff muscles in order to help reduce shear GJCFs that occur from the
deltoids and put the shoulder at risk of shoulder pain and injury.

4.4 Limitations. A potential limitation of this study is that the
simulations did not enforce shoulder stability. As the shoulder
muscles produce force to propel the wheelchair, the shoulder
musculature is also required to keep the humeral head within the
glenoid to prevent shoulder impingement or dislocation [e.g.,
51,53].We were unable to add a stability constraint to the computed
muscle control optimization framework, and therefore could not

enforce the stability of the shoulder. Instead, we chose to address the
shoulder’s susceptibility to injury in each direction by comparing
between hand patterns and with and without shoulder weakness.
However, we believe that analyzing wheelchair propulsion with
glenohumeral joint stability enforced is the next critical step for
future work to aid in the prevention of shoulder injuries. Another
limitation of this model is that we could not include humeral head
translation or independent scapula motion. Future simulation work
should seek to understand how GJCFs affect humeral head
translation as well as the role of the scapula muscles during
wheelchair propulsion. Another potential limitation is the assump-
tion that muscle weakness would not change the resulting
kinematics. We believe that keeping the kinematics constant
allowed us to determine how muscle weakness alone affects the
GJCFs without the confounding effect of changing kinematics.
However, future work should use predictive simulations to analyze
the relationship between changes in shoulder strength and the
resulting kinematics. Finally, despite our efforts, there still exist
small differences in a number of potential confounding demo-
graphic factors in our participants (Table 1). Because these factors
were not equal for every individual, there is likely some natural
variability in GJCFs for this population. Therefore, caution should
be taken before recommending a specific hand pattern to all MWCU
without considering patient-specific needs.

4.5 Summary. In conclusion, the SC pattern consistently had
lower shear (anterior-posterior and superior-inferior) GJCFs
compared to other patterns, and the DL and SL patterns had the
highest shear GJCFs. These results suggest that using the SC pattern
is less susceptible to shoulder injuries such as subacromial
impingement than other patterns. However, MWCU should work
to increase cocontraction during the push-to-recovery phase
transition where joint stiffness is needed. In the presence of muscle
weakness, weakening the internal rotators and external rotators
resulted in the greatest increases in shear GJCFs and decreases in
compressive GJCF, likely due to weakened rotator cuff muscles.
Therefore, strengthening these muscle groups, especially the rotator
cuff, is needed for decreasing the risk of shoulder injuries.

Appendix

Fig. 7 The experimental handrim forces collected from the
pushrim for the representative arcing (ARC), semicircular (SC),
single-loop (SL) and double-loop (DL) simulations, which were
applied to the hand segment during the simulations. Note:
handrim force x-, y- and z-components were applied to the
hand, butwere transformed into their tangential (a), radial (b), and
lateral (c) force components here.
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Fig. 9 Excitation timings for the anterior, middle and posterior
deltoids (DELT1-3, respectively), supraspinatus (SUPSP), subsca-
pularis (SUBSC), infraspinatus (INFSP), sternal pectoralis major
(PECM2-3), biceps long head (BIClong) and triceps long head
(TRIlong) in the arcing (ARC) baseline (BL) simulation and
weakened simulations (Add, ExtRot, Extensors, Abd, IntRot, Flex).
Shaded, horizontal bars represent EMG timings from the literature
[43,44]. Dashed vertical line indicates the end of the push phase.

Fig. 8 Excitation timings for the anterior, middle and posterior
deltoids (DELT1-3, respectively), supraspinatus (SUPSP), subsca-
pularis (SUBSC), infraspinatus (INFSP), sternal pectoralis major
(PECM2-3), biceps long head (BIClong) and triceps long head
(TRIlong) in the semicircular (SC) baseline (BL) simulation and
weakenedsimulations (Add,ExtRot, Extensors,Abd, IntRot, Flex).
Shaded, horizontal bars represent EMG timings from the literature
[43,44]. Dashed vertical line indicates the end of the push phase.

Fig. 10 Excitation timings for the anterior, middle and posterior
deltoids (DELT1-3, respectively), supraspinatus (SUPSP), subsca-
pularis (SUBSC), infraspinatus (INFSP), sternal pectoralis major
(PECM2-3), biceps long head (BIClong) and triceps long head
(TRIlong) in the single-loop (SL) baseline (BL) simulation and
weakened simulations (Add, ExtRot, Extensors, Abd, IntRot, Flex).
Shaded, horizontal bars represent EMG timings from the literature
[43,44]. Dashed vertical line indicates the end of the push phase.

Fig. 11 Excitation timings for the anterior, middle and posterior
deltoids (DELT1-3, respectively), supraspinatus (SUPSP), subsca-
pularis (SUBSC), infraspinatus (INFSP), sternal pectoralis major
(PECM2-3), biceps long head (BIClong) and triceps long head
(TRIlong) in the double-loop (DL) baseline (BL) simulation and
weakened simulations (Add, ExtRot, Extensors, Abd, IntRot, Flex).
Shaded, horizontal bars represent EMG timings from the literature
[43,44]. Dashed vertical line indicates the end of the push phase.
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Fig. 12 Semicircular (SC) pattern kinematics for the baseline (BL) and weakened simulations. IK indicates the
experimental kinematic results from the inverse kinematics algorithm, and shaded regions are 61 standard
deviation of the participant’s experimental values. Vertical lines indicate the end of push phase.

Fig. 13 Arcing (ARC) pattern kinematics for the baseline (BL) andweakened simulations. IK indicates the experimental
kinematic results from the inverse kinematics algorithm, and shaded regions are 61 standard deviation of the
participant’s experimental values. Vertical lines indicate the end of push phase.
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Fig. 14 Single-loop (SL) pattern kinematics for the baseline (BL) and weakened simulations. IK indicates the
experimental kinematic results from the inverse kinematics algorithm, and shaded regions are61 standard deviation of
the participant’s experimental values. Vertical lines indicate the end of push phase.

Fig. 15 Double-loop (DL) pattern kinematics for the baseline (BL) and weakened simulations. IK indicates the experimental
kinematic results from the inverse kinematics algorithm, and shaded regions are 61 standard deviation of the participant’s
experimental values. Vertical lines indicate the end of push phase.

Journal of Biomechanical Engineering APRIL 2024, Vol. 146 / 041005-13

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/146/4/041005/7245996/bio_146_04_041005.pdf by U
niversity of Texas At Austin user on 08 April 2024



Fig. 16 Resultant shoulder and elbow moments determined in Visual3D (solid) and OpenSim (dashed) for the
propulsion cycle chosen to represent the semicircular (SC) pattern. Dashed vertical lines indicate the end of the push
phase.

Fig. 17 Shoulder joint intersegmental forces determined using
inverse dynamics for the semicircular (SC) pattern. Dashed
vertical line indicates the end of the push phase. Fig. 18 Muscle forces during the propulsion cycle for the

anterior deltoid (DELT1), middle deltoid (DELT2) and infraspina-
tus (INFSP) for the arcing (ARC), double-loop (DL), semicircular
(SC), and single-loop (SL) baseline simulations

Table 6 Average kinematic RMS errors between each simulation and the inverse kinematics results. For comparison, 1 SD for that
participant’sexperimentaldata isshown inparentheses ineachbaselinesimulation row.Underlinedvalues indicateaveragekinematic
errors that exceed 1 SD. All values are in degrees.

Plane-of-elevation Elevation angle Shoulder rotation Elbow flexion Pronation supination

SC

Baseline 0.187 (2.682) 0.086 (1.160) 0.192 (2.338) 0.218 (2.337) 0.257 (1.712)
Adductors 0.101 0.038 0.133 0.127 0.645
Abductors 0.155 0.076 0.141 0.182 0.218

External rotators 0.319 0.110 0.372 0.511 0.382
Internal rotators 0.163 0.073 0.160 0.247 0.646

Extensors 0.320 0.083 0.321 0.518 0.740
Flexors 0.172 0.083 0.178 0.219 0.601
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Extensors 0.412 0.164 0.397 0.822 0.577
Flexors 0.384 0.141 0.467 0.742 0.924
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