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Objective: To quantify and compare the glenohumeral stiff-
ness response in anterior-directed, posterior-directed, and in-
ferior-directed translations in healthy men and women.

Design and Setting: We used a 2 X 3 factorial design and
employed a device capable of measuring glenohumeral joint
displacement as a function of force to gather kinematic data
during a single test session.

Subjects: Twenty subjects with healthy nondominant shoul-
ders participated in the study.

Measurements: Force-displacement measures were taken
in the anterior, posterior, and inferior translational directions of

the glenohumeral joint. These measurements simulated com-
mon laxity tests used at the shoulder.

Results: Analysis of variance revealed a nonsignificant sex
X direction interaction effect (P > .05). The main effect for sex
and direction was also not significant (P > .05).

Conclusions: Our results suggest that (1) glenohumeral stiff-
ness is widely distributed in healthy shoulders, (2) glenohu-
meral stiffness is not significantly different between men and
women, and (3) glenohumeral stiffness is not significantly dif-
ferent among directions of translations.

Key Words: force displacement, joint laxity, assessment, ar-
thrometer, shoulder

are often used in clinical orthopaedic practice. Laxity

tests assess the integrity of the joint capsule and liga-
ments,1~4 and joint mobilizations restore normal range of mo-
tion in stiff joints.>® With the application of a manual force,
the clinician can subjectively gauge the joint’s resistance to
tranglation or stiffness.24 Glenohumeral (GH) stiffness is a
reflection of the articular structures’ resistance to humeral head
tranglation and is quantified as the amount of force (N) re-
quired to displace ajoint by a given amount (mm).” Stiffness
measures provide information concerning the structural and
mechanical properties of the joint and are considered clinically
important when assessing joint stahility.”~1° Biomechanical
studies have shown that a stiffer joint is able to absorb more
force during periods of loading!12 and, therefore, may de-
crease the risk of injury such as dislocation or subluxation.

It is important to model the stiffness response of the GH
joint as an aid to better analysis and understanding of the
joint’s arthrokinematic and mechanical behavior. Mechanical
springs and dashpots are common models used in clinical bio-
mechanics. Mechanical springs model the stiffness response;
dashpots model the strain-rate nature of viscoelastic material.
Both mechanical springs and dashpot models have been ap-
plied to the shoulder.13-15

Despite a great deal of previous research into the normal
and abnormal function of the shoulder, the current information

Techniques that employ force-displacement maneuvers

regarding in vivo quantitative force-displacement characteris-
tics of the GH joint is limited. The lack of instrumented ar-
thrometers similar to those used at the knee is cited as the
primary limiting factor.%16-20 |nstrumented arthrometers for
the knee have enabled researchers to quantify trandatory ki-
nematics in various populations.21-26 Furthermore, objective
measurement of tibial translation obtained using instrumented
knee arthrometers has proven effective for predicting injury
status?2-2* and the efficacy of various surgical intervention
techniques.2>26 Recent publications have underscored the
need for more objective means to measure shoulder arthroki-
nematics.18-20 Therefore, the purpose of our investigation was
to quantify and compare GH stiffness response among ante-
rior-directed, posterior-directed, and inferior-directed transla-
tions in the shoulders of healthy men and women.

METHODS

Subjects and Design

The data presented in this manuscript are part of a larger
study characterizing shoulder kinematics in healthy shoul-
ders.2” Force-displacement data were collected on 20 hedlthy,
nondominant shoulders (11 women, 9 men, mean age = 20.9
+ 3.6 years) during a single test session. Subjects were asymp-
tomatic, with no previous history of shoulder injury involving
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Figure 1. Instrumentation setup and subject positioning for (A) an-
terior-directed and (B) posterior-directed translations. The trans-
mitter was mounted to the chair frame above and behind the sub-
ject, and motion sensors were taped to the acromion process and
proximal humerus.

a physician’s visit or formal inpatient or outpatient physical
rehabilitation. Subjects also reported no regular, long-term par-
ticipation in sports involving upper extremity overhead-throw-
ing motion (ie, swimming, baseball, or tennis). Before partic-
ipating, all subjects read and signed an informed consent
explaining the risks, procedures, and benefits of participation.
The experimental protocol received institutional review board
approval.

Instrumentation

Force-displacement measures were taken in the anterior,
posterior, and inferior directions using an instrumented ar-
thrometer.2” A test chair equipped with nylon strapping pro-
vided the base of support for testing. Displacement forceswere
applied to the joint with a custom force applicator. The force
applicator consists of a plastic handle mounted to afull-bridge,
thin-beam load cell (model LC105-50, Omega Engineering
Inc, Stamford, CT) that has a range from 0 to 222 N. A hook
attached at the opposite end of the load cell secures the force
applicator to an arm cuff. The arm cuff is wrapped around the
proximal humerus for the anterior and posterior trandations
(Figures 1A and B) and around the proximal forearm for in-

Figure 2. Instrumentation setup and subject positioning for inferi-
or-directed translations. The distal sensor was placed over the lat-
eral epicondyle of the humerus. Figures 1 and 2 reprinted from
Borsa EL, Sauers EL, Herling DE, Manzour WF, In vivo quantifica-
tion of capsular end-point in the healthy glenohumeral joint using
an instrumented measuring system, Journal of Orthopaedic &
Sports Physical Therapy, 2001, 31, 419-431, with permission of the
Orthopaedic and Sports Sections of the American Physical Ther-
apy Association.

ferior trandlation (Figure 2). The arm cuff is designed to ensure
equal force distribution during testing.

Trandlations were measured using an electromagnetic spa-
tial-tracking device (Polhemus 3Space Fastrak, Colchester,
VT) consisting of a transmitter and 2 sensors (receivers). The
unit contains the hardware necessary to generate and sense
magnetic fields, compute position and orientation, and inter-
face with a host computer. A global x, y, z coordinate system
was established by mounting the transmitter on a composite
base above and behind the subject, aligned with the cardinal
planes of the body. On pre-experiment calibration measures,
we found the device to be accurate within 0.1 to 0.2 mm for
linear translations.2’

Test Procedures

Subjects were seated and secured comfortably in the test
chair with nylon strapping. For anterior and posterior trans-
lations, the humerus of the nondominant arm was positioned
in 20° of abduction with the elbow secured in neutral rotation.
The test position is similar to that for the load-and-shift and
anterior-posterior drawer tests (Figures 1A and B).13 The
acromion process was located via pal pation, and the acromion
sensor was affixed cutaneously to its superior aspect. The hu-
meral head was located via pal pation to determine the position
for placement of the proxima humeral sensor. The humeral
head sensor was then affixed over the lateral aspect of the
proximal humerus directly below the acromion sensor. Each
sensor was secured to the skin surface with self-adhesive tape
(Cover-Rall Stretch, Beiersdorf Inc, Norwalk, CT). Next, the
arm cuff was secured firmly around the proxima humerus.
The experimenter stabilized the scapula with his thumb (cor-
acoid process) and index finger (scapular spine) during each
trial. Anterior and posterior forces were applied to the non-
dominant arm by pulling linearly in the respective translational
direction until a capsular endpoint was achieved.
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For inferior translation, the nondominant arm was placed in
the resting position with the elbow flexed to 90° and the fore-
arm pronated with the palms resting on a wooden platform
(Figure 2). The acromion sensor placement remained the same
as for anterior and posterior testing, but the humeral sensor
was secured over the lateral epicondyle with self-adhesive tape
(Cover-Roll Stretch). The cuff was placed around the proximal
forearm just distal to the elbow joint. The examiner applied
force to the nondominant arm by pulling downward in line
with the longitudinal axis of the humerus until a capsular end-
point was achieved. This test position replicated that for the
sulcus or inferior-distraction test.2:3

For each trial, a ‘‘start”” or zero reference position was de-
termined. Once the start position was secured, a controlled
force was applied to the joint using the force applicator until
capsular endpoint was reached. The rate of force application
to the joint was uniform and did not appear to adversely affect
muscle reaction or capsular stiffness. Capsular endpoint was
achieved in approximately 3 to 4 seconds. Three trials were
completed for each direction, and the average was recorded to
the nearest 0.1 mm.

Linear displacements of the acromion process (scapular pro-
traction and retraction) and humeral head (humeral translation)
were calculated from the Cartesian coordinates of the 2 sen-
sors. The displacement of the scapula was subtracted from the
absolute humeral displacement, giving true humeral head
tranglation.10.16.17 |ntraexaminer and interexaminer reproduc-
ibility of our technique was established and reported in earlier
publications.16:17 Additionally, our technique was validated in
a previous study by comparing force-displacement values ob-
tained using our current method of cutaneously applied sensors
with a method of directly pinning the sensors to the bony
reference points (humeral head and acromion process) in 30
fresh-frozen cadaver shoulders.2®8 Bone fixation of the dis-
placement sensors enabled accurate measurement of glenohu-
meral translation and thus served as our **gold standard.” The
measures from the cutaneously applied sensors showed good
to excellent agreement with the bone-pinned measurements.
Correlation coefficients were moderate to good for anterior-
directed (P = .79), posterior-directed (P = .68), and inferior-
directed (P = .71) trandations.?8

Data Acquisition and Display

Raw data from the tracking device were fed to the host
computer viaa serial port, while data from the load cell (force)
were fed to the host computer via a data-acquisition card. A
custom software program (Visual Basic 6.0, Microsoft Inc,
Redmond, WA) simultaneously and sequentially captured
force and displacement data for each test tria at intervals of
approximately 0.1 second. From these data, a force-displace-
ment curve was displayed for each trial using only the data
points from the start of the force application (~5 N) to a
discernable endpoint. Endpoint was identified from our raw
data as the point on the force-displacement curve at which
increasing the applied force failed to produce associated trans-
lation.2” Stiffness values were calculated from the slope of the
force-displacement curve (Figure 3). From the force-displace-
ment curve, our custom software program identified the most
linear region of the curve and calculated the slope using a
simple linear regression analysis. Using Figure 3 as an ex-
ample, the most linear region of the force-displacement curve
was identified, and the slope of the curve was calculated using
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Figure 3. Typical force-displacement curve derived from the avail-
able data plots of one trial using the instrumented shoulder ar-
thrometer. Stiffness values were calculated as the slope of the
force-displacement curve in the most linear region. For this trial,
the stiffness value was 25.6 N/mm.

Table 1. Descriptive Data for Glenohumeral Stiffness Collapsed
Across Sex*

Direction Anterior Posterior Inferior
Mean 16.7 15.4 15.7
SD 4.5 3.5 5.6
Maximum 26.6 23.4 28.4
Minimum 9.6 10.4 9.2
Variance 20.4 12.0 31.6

*Glenohumeral stiffness is reported as N/mm; SD indicates standard
deviation.

the associated linear regression equation y = bx—a, where 'y
= predicted value (force), b = dope (stiffness value), x =
predictor value (displacement), and a = intercept. From this
calculation, the slope was found to be 25.6 N/mm, which was
our stiffness value for that trial. This model has been used in
previous studies of joint and muscle stiffness.813 Three trials
were performed for each direction, and the average score from
the 3 trials was recorded as the stiffness value.

Statistical Analysis

We used an online power analysis (http://www.math.
yorku.ca/SCS/Demos/power/). We entered our design as 2
(sex) X 3 (direction). Using our previous stiffness data (mean
differences/SD) on stiffness, we found our effect size to be
0.8 (medium effect size). For the online calculation, we en-
tered 2 effect sizes (0.5 and 0.75) with apha set at 0.05. For
our design, 20 subjects were necessary to achieve statistical
power between .775 and .982.

A 2 (sex) X 3 (direction) analysis of variance was used to
determine significant mean (+SD) differences between sex
and directions for stiffness. Tukey Honestly Significant Dif-
ference post hoc analyses were used in the presence of a sig-
nificant interaction or main effect. All data analyses were per-
formed using Statistical Program for Scientific Studies for
Windows (version 10.0, SPSS Inc, Chicago, IL). The level of
statistical significance was set at .05.

RESULTS

Descriptive data are presented in Table 1. Analysis of var-
iance revealed a nonsignificant sex X direction interaction ef-
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Figure 4. Glenohumeral joint stiffness values for men and women
in each translational direction.

fect for joint stiffness (F,50 = 3.01, P = .06). The main ef-
fects for sex (Fps59 = .546, P = .46) and direction (Fp59 =
.612, P = .55) were also not significant (Figure 4).

DISCUSSION

Stiffness is a physiologic variable that can be used to char-
acterize the mechanical behavior of ajoint.8912 Joint-stiffness
values can be calculated from the slope of the force-displace-
ment curve using a least squares or linear regression model
(Figure 3).7:910 The in vivo force-displacement curves report-
ed in this study bear a striking resemblance to those of Markolf
et al”-8 in healthy knees and McQuade et a® in healthy shoul-
ders. On average, our force-displacement curves demonstrated
a discernable biphasic pattern of an early, nonlinear response,
followed by alinear response after about the 60- to 80-N force
level (Figure 3). The early, nonlinear stiffness responseis pre-
sumed to be the “toe” region, or period when the collagen
fibers of the joint capsule are being recruited and are not yet
under tension, followed by the mid- to end-range linear stiff-
ness response, indicating that the mechanical restraints are pro-
gressively developing tension. The stiffness values reported in
this study were calculated from the most linear region of the
force-displacement curve, which was most often in the end-
range or region of highest force application (Figure 3). This
region differed dightly for each individual, depending on the
force-displacement response of the individua’s joint. During
clinical laxity examinations, the clinician gauges joint stiffness
at the end-range or endpoint of translation. This is why our
aim was to measure end-range stiffness of the joint and not
early- and mid-range stiffness.

Table 2. Studies Assessing Glenohumeral Joint Stiffness

Interindividual Differences

Mechanical restraint to GH translation is provided by both
bony and soft tissue structures.29-34 The angle and depth of
the glenoid cavity,2° capsuloligamentous tightness,30-33 and
overlying rotator cuff tendons3* contribute to the overall stiff-
ness of the joint. We found GH joint stiffness data to be widely
yet normally distributed, with a range of values from 9.2 to
28.4 N/mm, depending on direction of trandlation in healthy
shoulders (Table 1). The interindividual differences in joint
stiffness reported in Table 1 are likely to result from variability
in any or al of these aforementioned factors.

Borsa et al,10 Sauers et al,2® and McQuade et al® earlier
reported on force-displacement measures in healthy shoulders.
Wel0 used a load cell and linear potentiometers to quantify
anterior-posterior trandation in a large population of healthy
shoulders and reported mean force-displacement values rang-
ing from 16 to 22 N/mm. Sauers et al?® quantified humeral
trandations in the anterior, posterior, and inferior directions
using fresh-frozen cadaver shoulders; force-displacement mea-
sures were obtained with a load cell and an electromagnetic
spatial-tracking system. The sensors were pinned directly to
the bony reference points in order to isolate bony movement.
Sauers et al28 found mean stiffness values ranging from 21 to
44 N/mm. McQuade et a® also used a paim-held load cell and
an electromagnetic spatial-tracking system to quantify in vivo
anterior and posterior humeral translations in multiple degrees
of abduction and rotation. McQuade et al® reported force-dis-
placement curves that closely resembled ours currently and
previouslyl9 and those of Sauers et al.28 The mean stiffness
values from Sauers et al28 were considerably higher than ours,
possibly because they used fresh-frozen cadaveric specimens,
which may have had higher resistance properties due to the
preservation process. Also, the scapulae of the specimenswere
rigidly mounted to the test jig, which may have produced ad-
ditional resistance during force application. Results from these
studies are summarized in Table 2.

Sex and Directional Differences

We did not show any significant difference in GH joint stiff-
ness between men and women. McQuade et al® also reported
no significant sex differences in stiffness. Borsa et a0 found
that women with healthy shoulders had significantly less an-
terior joint stiffness than men with healthy shoulders. These
findings at the glenohumeral joint are consistent with those at
the knee revealing decreased stiffness in women.2 More re-
search is warranted in order to draw conclusions concerning
sex-specific differences in GH joint stiffness.

Investigators Instrumentation Shoulders Stiffness Values (N/mm)
Current study Load cell, electromagnetic spatial-tracking system 20 Anterior 16.7 = 5.4
Posterior 154 = 3.5
Inferior 157 + 5.6
Borsa et al® Load cell, linear potentiometers 102 Anterior 18.2 £ 5.0
Posterior 21.8 = 8.7
McQuade et al® Load cell, electromagnetic spatial-tracking system 21 Anterior 15-23
Posterior 17-27
Sauers et al*® Load cell, electromagnetic spatial-tracking system 30 Anterior 31.4 = 16.0
Posterior 440 = 28.1
Inferior 213 £ 123
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The capsuloligamentous structures supporting the GH joint
have been referred to as a ** soft tissue socket.”” 35 The capsule
and ligaments function collectively with the labrum to main-
tain a centered humera head and limit excessive trangation.36
Trandation can occur in any direction as the humeral head
moves on the glenoid face during humeral elevation and ro-
tation. Clinically, the most important translation directions to
evaluate are anterior, posterior, and inferior’2 because GH
joint instability occurs in these directions.3” In this study of
healthy shoulders, mean stiffness values were symmetric with
respect to the direction of the applied force. Future studies
should compare stiffness between translational directions in
shoulders with a documented unidirectional or multidirectional
instability.

Clinical Implications

An instrumented technique for measuring force-displace-
ment response similar to the one presented in this study may
be clinically useful as an instructional aid®2” and as an as-
sessment tool in a clinical setting.9:27:38

Stiffness measures are clinically important in the prediction
of capsuloligamentous injury and treatment outcomes.”-9:10
Subjectively, a soft end-feel is associated with capsuloliga-
mentous disruption, and a hard or firm end-fed is associated
with normal capsuloligamentous tissue.8 During a laxity ex-
amination, changes in the end-feel or stiffness are noted along
with the patient’s history and other physical findings in making
a clinical diagnosis.l® Investigators have also evaluated joint
stiffness in healthy knees’8 and anterior cruciate ligament-de-
ficient knees before and after surgical reconstruction.21.22.24,26
From this research, they ultimately concluded that stiffness
was of significant diagnostic value at the knee.2425 Whether
stiffness measures are accurate predictors of injury or clinical
outcome at the GH joint still needs to be determined.

Study Limitations

We used a simple linear regression model to calculate stiff-
ness only at the most linear region of the force-displacement
curve. Because joint stiffness is commonly evaluated at the
end-range of translation, we chose to characterize end-range
stiffness only. A polynomial regression model would be most
appropriate if the goal was to measure the joint’s stiffness re-
sponse over the entire range of tranglation.

We did not account for the contribution of resting muscle
tension on stiffness response of the joint. Subjects appeared to
be relaxed and comfortable during test trials, and our exami-
nation of force-displacement curves did not reveal any abnor-
mal spiking response, as could occur if the subject ““tensed
up”’ during force application. Similarly, we used a slow, con-
trolled load rate in order to prevent any discomfort or abrupt
muscle-guarding effects.

Joint stiffness has been reported to depend upon the amount
of bulk tissue surrounding the GH joint. We did not account
for interindividua differencesin bulk tissue size for this study.
Forces were applied consistently to each subject regardless of
shoulder size. An apriori or post facto method for scaling the
force per shoulder size should be considered as a means to
account for varying anthropometric characteristics.

We only tested one position of humeral abduction and ro-
tation, compared with McQuade et al,° who tested several po-
sitions of humeral abduction and rotation. Lastly, this study

was limited to modeling only static or passive joint stiffness,
when, in fact, the role of dynamic factors is suggested to be
most critical to overal joint stiffness during functiona per-
formance.11.29.39

CONCLUSIONS

Our results suggest the following: (1) glenohumeral stiffness
is widely distributed in healthy shoulders, (2) glenohumeral
stiffness is not significantly different between men and wom-
en, and (3) glenochumeral stiffnessis not significantly different
among directions of translations.
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