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bstract

To improve implant design, fixation and preclinical testing, implant manufacturers depend on realistic data of loads acting on the shoulder
oint. Furthermore, these data can help to optimize physiotherapeutic treatment and to advise patients in their everyday living conditions.
alculated shoulder joint loads vary extremely among different authors [Anglin C, Wyss UP, Pichora DR. Glenohumeral contact forces. Proc

nst Mech Eng [H] 2000;214:637–44]. Additionally the moments acting in the joint caused by friction or incongruent articular surfaces, for
xample, are not implemented in most models.

An instrumented shoulder joint implant was developed to measure the contact forces and the contact moments acting in the glenohumeral
oint. This article provides a detailed description of the implant, containing a nine-channel telemetry unit, six load sensors and an inductive

ower supply, all hermetically sealed inside the implant. The instrumented implant is based on a clinically proven BIOMET Biomodular
houlder replacement and was calibrated before implantation by using complex mathematical calculation routines in order to achieve an
verage measuring precision of approximately 2%.

2008 IPEM. Published by Elsevier Ltd. All rights reserved.
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. Introduction

The replacement of the humeral head subsequent to
ractures, in cases of rheumatoid arthritis or arthrosis is a
ell-established surgical procedure, while the fixation of the
lenoid component in the scapula has still been faced by
nsolved problems [2]. Better knowledge of the loads act-
ng in the glenohumeral joint is required to improve implant
xation and design, to help the patients not overload the
ndoprosthesis, and to influence physiotherapy of the shoul-
er joint in general. Furthermore, mechanical tests of new

mplants could be standardized when enough data are avail-
ble to define average and maximum load profiles.
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Data of the loads in the glenohumeral joint are calculated
ntil now by simplified two or three-dimensional models
3,4] or measurements ex vivo [5,6]. Especially for complex
ovements, the results of these studies vary widely. This is

aused mainly by simplifications of the complex structure
f the joint with its high number of muscles and tendons
nvolved, as well as by the co-acting joints of the shoulder
irdle and any unknown muscle recruitment principles. These
ncertainties are propagated if loads from calculated models
re used as an input for finite element models [7].

If the contact forces in the joint can be measured with high
ccuracy, such data can be used as a ‘gold standard’ to vali-
ate the analytical models. Such validations were previously
erformed by Heller et al. [8] and Stansfield [9] for the lower

xtremities, using hip implant data from Bergmann [8,10].

Another important use of in vivo joint contact loads is the
reclinical testing of new implants or fixation technologies
ith forces and moments of realistic values and directions.

reserved.
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ig. 1. Instrumented shoulder implant. Cross-section showing the internal
nduction coil, the antenna at the tip of the stem and the telemetry unit in the
ollow neck.

The aim of this study is to describe the technical basis
f an instrumented shoulder implant, developed to measure
hree force and three moment components which act on the
umeral head.

. Material and methods

.1. Requirements for implant instrumentation

An instrumented, load-measuring implant must provide
he following features:

The safety of the patient must be guaranteed, requiring
the same mechanical stability as a standard implant plus
wireless power and data transmission.
Required modification of the standard implant should not
affect its function or the surgical procedure.
The non-biocompatible electronics, consisting of load sen-
sors, electronics and power supply, must be small enough
to be placed inside the implant and must be hermetically
sealed.
All six load components, three forces and three moments,
should be measured with good accuracy.
The load sensors must be placed in an area of the implant
where the complete load is transferred.
The implant must be so stiff that its deformation under load
does not influence the measured load components.

.2. Implant design

To achieve these goals, the clinically proven Biomodular
houlder implant (Biomet Deutschland GmbH) was modified
o house six strain gages, the nine-channel telemetry unit and
n inductive power coil (Fig. 1). This implant was manufac-
ured in one stem size and four head diameters from 44 to
2 mm.

Six semiconductor strain gages (350 �, type KSP 1-350-

4, Kyowa, Japan) are glued in the hollow neck of the

mplant. Three of them are arranged at 0◦ and three at 45◦ rel-
tive to the neck axis. The six force and moment components
re calculated from the strain gage signals using the matrix

5
n
c
d
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ethod [11]. The influence of changing body temperature on
he strain gage values is compensated mathematically during
alibration [12]. For this reason the temperature inside the
mplant is measured with an NTC (B57331-V2472, Epcos
G, Germany).

The inductive coil has a core made of Megaperm 40 L
Vakuumschmelze, Germany) to concentrate the magnetic
eld. It is located in the distal stem and supplied with energy
uring the measurements by an external coil, placed around
he upper arm of the patient. The thin antenna wire at the lower
nd of the prosthesis is made of niobium and connected to the
nternal telemetry unit by a feedthrough which is also used in
eart pacemakers and other instrumented implants [13]. The
ntenna itself is protected by a cap made of biocompatible
olyetheretherketone.

.3. Telemetry unit

The telemetry circuit is housed in a tube (8 mm diameter,
0 mm length) made of megaperm to shield it against the
xternal magnetic field. The upper and lower ends of the
mplant are hermetically sealed to the outside by electronic
eam welding.

The strain gages are connected to the thick-film hybrid
ircuit of the telemetry. Its ceramic substrate with dimensions
f 9.5 mm × 6 mm houses the telemetry chip itself, several
apacitors and resistors and a NTC temperature sensor [14].
dditional to the strain gages, the telemetry is connected

o the inner power coil and the antenna by 12 solder pads
n the one side of the hybrid. The other side is used for
rogramming the chip and adjusting the measuring ranges
nd zero points of the internal amplifiers. This side is cut off
fter programming.

The strain gage signals are transmitted approximately 150
imes per second at a carrier frequency of 80 MHz by pulse
nterval modulation. Nine consecutive pulse intervals encode
he resistance of the six strain gages, the implant temperature,
he internal supply voltage and a synchronization signal. The
ower consumption is minimized to 5 mW to prevent any
mplant heating caused by a strong external magnetic field.

.4. Calibration procedure

To achieve a good measuring accuracy the implant has
o be calibrated under conditions similar to the situation in
ivo. Therefore the implant is fixed by bone cement in a rigid
alibration frame. Calibration of the implant is performed
ith a new method by applying combinations of forces and
oments [15,16]. The calibration force acts at one of 21 steel

alls on different positions of a metal block which is clamped
ightly at the head of the implant (Fig. 2). This force increases
nd decreases from zero to a maximum within 30 s while

000 strain gage readings are recorded. The applied exter-
al force results in a load vector Li which contains different
ombinations of moments and forces for each point (i = 0–20)
epending on the lever arms and force orientations (Fig. 2).
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ig. 2. Calibration block with various points of load application. Force Fa

auses the force component −FZ and the moment components +MY and
MX at the same time.

These data are used to set up the equation:

- i = D- ∗ Si ⇒
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ith D- being the optimized 6 × 6-measuring matrix, con-
isting of d11 . . . d66 coefficients. With this matrix, the six
oad components in L- are calculated from the implant sig-
als S- during the measurement. A detailed description of the
alibration is described by Bergmann [12].

The calibration is done at three different temperatures and
hree power supply levels in order to compensate mathemat-
cally the varying body temperature and the changing supply
oltage caused by slight relative motions between the exter-
al coil on the arm of the patient and the internal coil in the
mplant.

.5. Coordinate system

From CT data, the implant position relative to the humerus
s obtained. Force and moment components are measured
n the implant-based coordinate system used during calibra-
ion (Fig. 3). They are then transformed to a humerus-based
oordinate system [17] for evaluation of the data.

.6. Implant safety tests and sterilization

To ensure the safety of patients with this permanent

mplant, both analytical and mechanical strength tests were
erformed. For a fatigue test, the implant was cemented with-
ut support of the upper 45 mm of the shaft and cyclically
oaded five million times perpendicular to the shaft with a

s
n

a

ig. 3. Implant coordinate system with the Z-axis in implant neck orienta-
ion, the Y-axis points out of the plane. The force F of 1500 N represents the
aximum load during fatigue testing.

aximum force of 1500 N at a frequency of 3.4 Hz (Fig. 3).
his represents an extremely strong bending moment and an
ssumed total proximal bone resorption.

The quality of every weld used to seal the electronics
s tested by analyzing micrograph sections of test samples
elded in one production cycle with the implants. Addition-

lly a leakage test in water under vacuum is performed.
Gas sterilization of the implant is conducted by an

pproved external company, specialized in ethylene oxide
terilization.

.7. Surgical procedure

The instrumented prosthesis is implanted using a stan-
ard surgical deltoid-pectoral approach with bone cement.
fter resection of the humeral head, the humerus is reamed

o the stem size of the implant plus 1 mm for the cement
antle.
Prior to the final fixation, a test-implant is inserted to

valuate the best fitting head size. No glenoid component is
sed. Special focus is laid on the cleaning of the area around
he implant neck to make sure that no bone cement remains
etween the stem and head. A cement bridge in this area might
ransfer some part of the loads and thus lead to unpredictable
rrors in measurement.

.8. External measurement equipment

To receive and convert the signals of the implant, a power
enerator, RF Receiver and a control unit are integrated in a
9′′ case (Fig. 4). The control unit is microprocessor-based
Atmel, AVR ATMega 8, San Jose, CA, USA). It regu-
ates the strength of the external magnetic field, based on
he transmitted signal of the internal supply voltage, syn-
hronizes the signals and suppresses potential signal errors.

notebook with customized measurement software and a

oftware oscilloscope allow for control of the implant sig-
als.

Video images of the patient’s activities, spoken comments
nd transmitted load data are stored synchronously on a
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ig. 4. Measurement setup. Implant signal receiving and supply power co
ogether on digital video tape. Laptop for data control and real time load dis

igital video recorder [14]. During the measurement, the
atient wears the external power coil and a small loop
ntenna with an integrated amplifier around the upper arm

lose to the tip of the implant stem.

Both the implant loads and patient’s video are displayed
y custom-made software and exported into screen videos
Fig. 5). These screen videos and the raw data are stored in

2

E

ig. 5. Screen video as accessible via internet. Implant measurements and patient a
ime; top right: force vector plots in three body planes; bottom left: data table and v
th the external measurement device (Teleport). Data and video are stored

he database Orthoload which will be accessible via internet
www.orthoload.com).
.9. Approvals

Implantation in up to 10 patients was approved by the
thics Committee of the Charité and by the state health

ctivity two weeks postoperative. Top left: diagram of force and moment vs.
ideo control button; bottom right: patient video.

http://www.orthoload.com/
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ig. 6. Measured load components vs. applied components. Left scales: ab

Z; right diagrams: moments MX MY MZ.

uthorities. A certified institution tested mechanical stability
f the modified implant, biocompatibility of the components
n contact with human tissues, and the external telemetry
evice including the external power coil. Before implanta-
ion, the patients are informed in detail about the surgical
rocedure, the instrumented implant and the cooperation
equired from them during the measurements. They give their
ritten consent to implantation, measurements and publi-

ation of their images. An additional special insurance is
rovided as well.

.10. Patients and measurements
The instrumented prosthesis was implanted in 6 patients so
ar, all suffering from osteoarthritis of the shoulder. Implan-
ations in up to 10 patients together are planned.

t
t
t
o

alues. Right scales: relative error in percent; left diagrams: forces FX, FY,

. Results

.1. Measuring error

The measuring errors of multi-component load transduc-
rs can be specified in different ways. A high coefficient of
etermination (R2) between measured and applied compo-
ents [18] does not necessarily indicate a good measuring
ccuracy, because occasional measurements with high errors
an diminish R2 only slightly. Furthermore a constant error
Fig. 6, top left) or an error which decreases or increases with
he load (Fig. 6, bottom left) would not effect R2 at all. Rela-

ive errors of a certain force component can be defined relative
o the maximum of the same component during one calibra-
ion cycle (I), its maximum during the whole calibration (II)
r the resultant of all three component maxima during the
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hole calibration (III). We chose method (II) for determining
he errors and include cross-talk in the given values.

Due to the very short neck of the instrumented shoulder
mplant, the point of load application is very close to the
osition of the strain gages where the deformations are mea-
ured. Local deformations of the head, dependent on the load
istribution between head and glenoid, can therefore lead to
ifferent strain gage readings for the same load. This effect
s one of the basic problems of instrumented implants [19].

Nevertheless the maximum peak error remained around
% for all force and moment components, except the tor-
ional moment MZ (Fig. 6), for which relative maximum
eak error was approximately 2%. The values of R2 between
easured and applied load components were always above

.9998. These values include the cross-talk between all six
omponents (cross-talk values are not shown in Fig. 6).

Filtering of the signals is possible due to the high trans-
ission rate of about 150 Hz and can be utilized to reduce

he characteristic high frequency peak errors [19].

.2. Telemetry

The telemetry transmission rate of 150 Hz makes this
houlder implant well-suited to measure even fast move-
ents or short force impacts acting on the shoulder joint. The

ow power consumption and the temperature sensor which
s included offer furthermore the possibility of observing
emperature changes during continuous activities.

.3. First measurements

The first measurements show low loads during the first
ostoperative time, which rapidly increase with proceeding
ehabilitation. The loads during physiotherapy are low com-
ared to some activities of daily living [20], Fig. 5 shows an
bduction motion of 45 deg with a resultant force of approxi-
ately 40% BW one week postoperatively. This is similar

o previous mathematical studies [4,21]. The force direc-
ion is remarkably constant during the whole motion cycle
f abduction. The magnitude of the loads is expected to be
trongly dependent on the muscular situation and therefore
n the functional results of the patients.

. Discussion

This study has shown that measurement of the contact
oads acting in the shoulder joint with an instrumented shoul-
er prosthesis is possible. The high measurement frequency,
he low power consumption and the included tempera-
ure control allow even measurements of long-lasting and
emanding activities.
The accuracy achieved is close to that of industrial force
ransducers although the short neck of the shoulder implant
s unfavourable because local deformations at the locations
f load application at the head may influence the strain gage
g & Physics 31 (2009) 207–213

eadings. Many of the measuring errors (Fig. 6) are caused
y high frequency noise of the transmitted signals. This noise
s a result of interference between the frequencies of data
ransmission and power supply (4 kHz). Most of these high
requency errors can be filtered out mathematically. The rel-
tive errors of the torsional moment MZ (Fig. 6; bottom right)
re due to the difficulty in applying a high torsional moment
t the smooth head of the implant during calibration. For
he same reason, high torsional moments are not expected to
e present in vivo. However, the absolute values for MZ are
omparable to those of the other components.

The implant presented here will lead to new findings
egarding the function of shoulder implants and the treat-
ent of patients with shoulder problems. However, intensive

ffort necessary to achieve a good measuring accuracy, as
ell as the time and high costs of measurements and evalu-

tions will, in our opinion, rule out the routine use of such
mplants in the future.

onflict of interest

The authors declare that neither the authors nor members
f their families have a current financial arrangement or affil-
ation with the commercial companies whose products may
e mentioned in this manuscript

cknowledgements

The authors thank the patients for their motivated coopera-
ion and PD. Dr. Halder and his team from the Sana Klinikum
ommerfeld for implantation of the prosthesis.

This project was supported by the Deutsche Forschungs-
emeinschaft (BE 804/17-1). The implants that were
odified for this study were provided by Biomet Deutschland
mbH at no charge.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at doi:10.1016/j.medengphy.
008.07.011.

eferences

[1] Anglin C, Wyss UP, Pichora DR. Glenohumeral contact forces. Proc
Inst Mech Eng [H] 2000;214:637–44.

[2] Clinton J, Franta AK, Lenters TR, Mounce D, Matsen 3rd FA. Non-
prosthetic glenoid arthroplasty with humeral hemiarthroplasty and total
shoulder arthroplasty yield similar self-assessed outcomes in the man-

agement of comparable patients with glenohumeral arthritis. J Shoulder
Elbow Surg 2007.

[3] Buechel FF, Pappas MJ, DePalma AF. Floating-socket” total shoul-
der replacement: anatomical, biomechanical, and surgical rationale. J
Biomed Mater Res 1978;12:89–114.

http://dx.doi.org/10.1016/j.medengphy.2008.07.011
http://dx.doi.org/10.1016/j.medengphy.2008.07.011


ineerin

[

[

[

[

[

[

[

[

[

[

P. Westerhoff et al. / Medical Eng

[4] van der Helm FC. Analysis of the kinematic and dynamic behavior of
the shoulder mechanism. J Biomech 1994;27:527–50.

[5] Kummer FJ, Lyon TR, Zuckerman JD. Development of a telemeterized
shoulder prosthesis. Clin Orthop Relat Res 1996:31–4.

[6] Karduna AR, Williams GR, Iannotti JP, Williams JL. Total shoulder
arthroplasty biomechanics: a study of the forces and strains at the
glenoid component. J Biomech Eng 1998;120:92–9.

[7] Hopkins AR, Hansen UN, Amis AA, Taylor M, Emery RJ. Gleno-
humeral kinematics following total shoulder arthroplasty: a finite
element investigation. J Orthop Res 2007;25:108–15.

[8] Heller MO, Bergmann G, Deuretzbacher G, Durselen L, Pohl M, Claes
L, et al. Musculo-skeletal loading conditions at the hip during walking
and stair climbing. J Biomech 2001;34:883–93.

[9] Stansfield BW, Nicol AC, Paul JP, Kelly IG, Graichen F, Bergmann
G. Direct comparison of calculated hip joint contact forces with
those measured using instrumented implants. An evaluation of a
three-dimensional mathematical model of the lower limb. J Biomech
2003;36:929–36.

10] Bergmann G, Deuretzbacher G, Heller M, Graichen F, Rohlmann A,
Strauss J, et al. Hip contact forces and gait patterns from routine activ-
ities. J Biomech 2001;34:859–71.

11] Bergmann G, Graichen F, Rohlmann A. Hip joint loading during

walking and running, measured in two patients. J Biomech 1993;26:
969–90.

12] Bergmann G, Graichen F, Rohlmann A, Westerhoff P, Heinlein B,
Bender A, et al. Design and calibration of load sensing orthopaedic
implants. J Biomech Eng 2008;130:021009.

[

[

g & Physics 31 (2009) 207–213 213

13] Rohlmann A, Gabel U, Graichen F, Bender A, Bergmann G. An instru-
mented implant for vertebral body replacement that measures loads in
the anterior spinal column. Med Eng Phys 2007;29:580–5.

14] Graichen F, Arnold R, Rohlmann A. Bergmann G. Implantable
9-channel telemetry system for in vivo load measurements with ortho-
pedic implants. IEEE Trans Biomed Eng 2007;54:253–61.

15] Bergmann G, Graichen F, Rohlmann A, Westerhoff P, Heinlein B, Ben-
der A, Ehrig R. Design and calibration of load sensing orthopaedic
implants. J Biomech Eng 2008;130:021009.

16] Heinlein B, Graichen F, Bender A, Rohlmann A, Bergmann G. Design,
calibration and pre-clinical testing of an instrumented tibial tray. J
Biomech 2007.

17] Wu G, van der Helm FC, Veeger HE, Makhsous M, Van Roy P, Anglin
C, et al. ISB recommendation on definitions of joint coordinate sys-
tems of various joints for the reporting of human joint motion—Part II:
shoulder, elbow, wrist and hand. J Biomech 2005;38:981–92.

18] Kirking B, Krevolin J, Townsend C, Colwell Jr CW, D’Lima DD.
A multiaxial force-sensing implantable tibial prosthesis. J Biomech
2006;39:1744–51.

19] Bergmann G, Graichen F, Rohlmann A, Westerhoff P, Bender A, Gabel
U, et al. Loads acting on orthopaedic implants. Measurements and
practical applications. Der Orthopaede 2007;36:195–204.
20] Bergmann G, Graichen F, Bender A, Kaab M, Rohlmann A, Wester-
hoff P. In vivo glenohumeral contact forces—measurements in the first
patient 7 months postoperatively. J Biomech 2007;40:2139–49.

21] Poppen NK, Walker PS. Forces at the glenohumeral joint in abduction.
Clin Orthop Relat Res 1978:165–70.


	An instrumented implant for in vivo measurement of contact forces and contact moments in the shoulder joint
	Introduction
	Material and methods
	Requirements for implant instrumentation
	Implant design
	Telemetry unit
	Calibration procedure
	Coordinate system
	Implant safety tests and sterilization
	Surgical procedure
	External measurement equipment
	Approvals
	Patients and measurements

	Results
	Measuring error
	Telemetry
	First measurements

	Discussion
	Conflict of interest
	Acknowledgements
	Supplementary data
	References


