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CHAPTERCHAPTER 2 

AA NEW TRANSDUCER SYSTEM 
FORR DIRECT MOTOR UNIT 

FORCEE MEASUREMENT 

Abstrac tt  - A new transducer was developed for in situ measurement of the force 

vectorr in a complex muscle. The transducer measures the magnitude, and the line 

off action of a force in a single plane. The dynamic range of the transducer is 0-5 N. 

Thiss range includes the small forces developed by an active motor unit and the 

relativelyy large passive force of a whole muscle. In this study we present the details 

off the transducer design and specifications, and describe its application in the 

measurementt of motor unit forces of the rabbit masseter muscle. 

Introductio n n 

Informationn on the magnitude and direction of muscle forces during dynamic 

activitiess is important for understanding muscle function. Various transducer designs 

havee been used to measure muscle force in animals. Most transducers give precise 

informationn on the magnitude of the force, but do not always provide reliable 

informationn on the position of the line of action. The line of action of a muscle force 

iss determined by the sum of the forces of the active muscle fibers at a particular 

moment. . 

AA straight line through the points of attachment (origin-insertion) is sometimes 

usedd as the line of action in muscles with a relatively simple architecture and small 

attachmentt sites. Different approaches have been used to predict the position of the 

linee of action in muscles with a more complex architecture (Jensen and Davy, 1975; 

Vann der Helm and Veenbaas, 1991; Koolstra et al., 1989). Most of these methods 
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predictt the position of the line of action on morphological criteria. However, because 

thee position of the line of action depends on the position of the active fibers within 

thee muscle, a prediction of the line of action based on morphological criteria is not 

alwayss reliable for architecturally complex muscles with broad attachment sites. 

Ann example of a highly complex muscle is the masseter muscle of the rabbit. 

Itt is irregularly shaped and has relatively broad attachment sites to the mandibular 

bonee and the zygomatic arch. On the basis of its architecture, the masseter muscle 

cann be divided into different anatomical compartments, with different fiber directions, 

andd regional differences in masticatory activity {Weijs and Dantuma, 1981). In 

addition,, the masseter shows regional differences in fiber type composition 

(Bredmann era/., 1991). Motor unit territories within the masseter muscle are reported 

too be relatively small (Weijs et a/., 1993; Kwa et a/., 1995a). Therefore, a hypothesis 

hass been put forward that the rabbit masseter muscle is capable of generating a 

multitudee of mechanical effects, depending on the selective activation of motor units. 

Accuratee monitoring of the line of action will make it possible to demonstrate the 

mechanicall capacities of the masseter muscle, and answer the question whether 

differentt mechanical effects may result from selective activation on the motor unit 

level.. For this purpose we developed a new transducer, capable of measuring both 

thee magnitude and the position of the line of action of motor unit forces acting in a 

predeterminedd plane. 

Material ss  and method s 

TransducerTransducer  design  & construction 

Thee present transducer was developed on the basis of a device designed for 

measurementt of relatively large push-off force and ice friction during speed skating 

(Jobsee et a/., 1990; De Koning era/., 1992). Radical modifications in the design were 

necessaryy to adapt the transducer's sensitivity range to include the very small forces 

off single motor units. In addition, a drastic reduction of its physical dimensions was 

necessary. . 

Thee main component of the device is a rectangular aluminum base-plate (55 

xx 27.8 x 4 mm) milled into the shape shown in Fig. 1a. The central part of the three 
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Figur ee 1. 
A::  The transducer device consists of an aluminum base plate (Bp). Strain gauges 
(whitee squares), glued onto each side of the aluminum base plate are configurated 
intoo three Wheatstone bridges at position bi, b2 and b3. The two holes in the lower 
partt of the transducer (p,, p2) represent the two points of force application. 
B:: Definitions of forces and directions of pull. Any external force applied to the 
bottomm of the transducer and acting in its plane can be resolved into three force 
components:: Fx, Fyi, Fy2. The definition of the direction of pull ) is shown in 
thee lower part. 
C:: In vivo application of the transducer. An aluminum strip (As), screwed to the 
outerr surface of the detached zygomatic arch (Za), connects the transducer with 
thee masseter muscle (Ms) of the rabbit. Lead wires (Lw) run from the strain gauges 
too a connector (Co) 

squaress (b1, b2, b3), outlined by the black area in Fig. 1a, was further milled to the 

exactt thickness of 0.15 mm. Foil strain gauges, each with two rectangular elements 

(HBM:: 1.5/120XY23S), were glued onto both sides of the three squares. The top 

portionn of the device was provided with a connector for the wires of the strain 

gaugess as shown schematically in Fig. 1c. Two holes (pi and p2, Fig. 1a) in the lower 

partt of the transducer are the actual points of application for the muscle force. The 

devicee is protected by an aluminum cover (not shown in the figures). 
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Thee thinnest portions of the connections between the three squares and the 

restt of the transducer act like hinges. An external force applied to the bottom of the 

transducerr is resolved into a vertical force component, which shears primarily the 

squaress at position b1 and b3 in a proportion that depends on the point of 

applicationn of the force, and a horizontal component, which shears primarily square 

b2.. The four gauge elements of each square form a full Wheatstone bridge, in such 

aa way that the voltage drops of the two elements of one side are subtracted, while 

thee voltage drops of corresponding parallel gauges on either side of the square are 

added.. The three bridges thus produce an electrical signal proportional to the 

amountt of shearing. The bridge output signals were amplified with a commercial 

strainn gauge amplifier (HBM K-10; bridge voltage 5 V; max. amplification: 5000x), 

andd low-pass filtered (10 Hz for calibration; 500 Hz for in vivo trials). The output 

signalss were recorded on digital tape (Bio-Logic DTR-2602, resolution: 14 bit, 

bandwidth:: 2.5 kHz) or alternatively, read out on a digital voltmeter (resolution DC: 

1000 uV,  0.3%). Digital data were processed on a microcomputer (PC 486, 

Software:: Labview; National Instruments Company, Austin, Texas, USA). 

Calibration Calibration 

Thee relationship between transducer output signals and the applied force 

wass determined. The forces were applied by calibrated weights while the 

transducerr could be rotated on a precision-stage. Five series of loading tests were 

performed. . 

TestTest series 1. Force in the range 5 mN - 5 N was alternately applied at two 

differentt points (pi and P2, as illustrated in Fig. 1), and in two orthogonal directions. 

Thee orthogonal directions were defined as parallel with (x-direction), and 

perpendicularr to (y-direction) the lower rim of the transducer (Fig. 1b). The bridge 

outputt voltage during loading was subtracted from the bridge output voltage in the 

unloadedd condition to avoid influence from long term offset changes. Each trial was 

performedd twice: a graded increase of load was followed by a graded decrease of 

load.. All curves of direct load plotted against bridge output voltage showed to be 

linear.. Therefore, least-squares linear fits were calculated from the calibration data. 

Thesee provided nine regression coefficients (a ira33) used in the following set of 

threee linear equations: 

16 6 



AA new transducer system for direct motor unit force measurement 

Bii = an Fx + ai2 Fyi + ai3 Fy2 

B22 = a2i Fx + a22 Fyi + a23 Fy2 

B33 = a3i Fx + a32 Fy! + a33 Fy2, 

wheree the bridge output voltage (B-|.3) for each transducer is determined by the three 

actingg forces (Fx, Fy1: Fy2). The coefficients of determination (r2, defined as the 

explainedd variance of bridge output voltage divided by total variance) were 

calculatedd from the calibrated data to evaluate the linearity of force-transducer 

responsee relation. 

Thee position of the line of action was determined by the force direction and 

thee moment arm of the resultant force vector. The moment arm, which was defined 

ass the perpendicular distance between the resultant force vector and pi, can be 

calculatedd from the three force vectors: Fx, Fyi and Fy2 (assuming a static 

equilibrium). . 

TestTest series 2. In order to determine whether the response of the force acting 

inn the x-direction, and the force acting in the y-direction, were added linearly by the 

transducer,, a force of 2 N was applied, at different angles , at intervals of 

,, and additional angles at 5  and . The force was alternately applied at PT 

andd p2. Each trial was performed twice for each point. Bridge output voltages were 

expectedd to vary with the cosine of the direction of pull applied. Therefore a cosine 

function,, based on the least square principle (Batschelet, 1981) was fitted to the 

dataa points. The three force components (Fx, Fyi and Fy2) were calculated from 

bridgee output signals, using the calibration equations. Angles obtained from 

calculatedd force components were compared with the applied force angles. 

TestTest series 3. A force of 2 N was applied perpendicular to the plane of the 

transducerr to determine its sensitivity to forces and moments acting outside the xy-

plane.. The force was alternately applied at pi en p2. The bridge output signals were 

comparedd with bridge output signals caused by a force of the same magnitude, 

actingg in the xy-plane of the transducer. 

TestTest series 4. To study the effect of temperature, loading tests were 

performedd at a temperature of C and after heating up to . This range 

includess the normal body temperature of a rabbit. The temperature was measured 

withh a digital thermometer with its sensor directly attached to the transducer. Bridge 

outputt voltages were recorded at 1  increment of temperature. 
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TestTest series 5. The transducer response to light taps was evaluated on an 

oscilloscope,, in order to obtain data on transducer resonance frequency. Taps were 

appliedd to the transducer mounted on a micromanipulator as in the experimental 

setup. . 

InIn  vivo  application 

Twoo New Zealand White rabbits, weighing between 2,000 and 2,300 g were used for 

pilott experiments. The experiments were approved by the Animal Ethics Committee 

off the University of Amsterdam, Medical School. For a description of the anesthesia 

andd ventilation procedure see Kwa et al. (1995a). Intermaxillary fixation, to stabilize 

thee mandible, was achieved by cementing the dental arches together. The animal's 

headd was fixated in a standard stereotaxic holder with the lambda-bregma line 

parallell to the horizontal plane. The masseter muscle was exposed and the 

zygomaticc arch was detached from the skull at both ends. A flexible aluminum strip 

screwedd onto the outer surface of the zygomatic arch served to connect the 

transducerr and muscle. The transducer was mounted on a small micromanipulator 

forr manual displacement along three axes (x-, y- and z-axis). A part of the 

periosteumm of the skull was removed and a 4 x 4 mm window was cut in the left 

parietall bone. A small opening was made in the dura mater to allow a tungsten 

microelectrode,, mounted on a micromanipulator, to enter the brain. 

Singlee motoneurons or small groups of motoneurons were stimulated 

extracellularlyy by small electrical currents of 10-30 uA (pulse frequency: 1 Hz, pulse 

duration:: 50 us), delivered to the left trigeminal motor nucleus, according to Kwa et 

al.al. (1995a). 

Result s s 

Calibration Calibration 

TestTest series 1. Each bridge had a different force-output voltage response. Single 

recordingss of output voltages after amplification (5000x), are shown in Fig. 2a-f. The 

majorityy of curves showed good linearity (r2>0.99). Deviations from linearity occurred 
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onlyy in the case of a specific direction of pull or point of application for which a 

bridgee was least sensitive. All coefficients of determination were larger than 0.99, 

exceptt for two cases mentioned below in detail, involving bridge 1 (force in y-

direction,, applied at p2) and bridge 3 (force in y-direction, applied at p-,). The curves 

off transducer response plotted against forces acting along the x-axis, at angles of 0

(appliedd at point 1), and 180  (applied at point 2), were mirror images of one 

another.. Therefore, only the latter recordings are presented in Fig. 2. The dimension 

off the bridge output sensitivity as used below is: V V"1 NT1 i.e., bridge output voltage / 

bridgee excitation voltage / force. 

Bridgee 1 responded primarily to forces acting in the y-direction applied at 

pointt 1 (Fyi), but was also influenced by forces acting in the x-direction (Fx). 

Sensitivityy to Fy! was 168.3 uV V"1 N"1. Sensitivity to Fx was 83.4 uV V"1 N"1. Bridge 

11 was relatively insensitive to forces in the y-direction applied at point 2 (Fy2, 1.0 uV 

V"11 N"1, 1^=0.92). Bridge 2 responded primarily to forces in the x-direction. Sensitivity 

too Fx was 416.3 uV V"1 N"1. Sensitivity to Fyi and Fy2 was very low (-2.8 and 3.4 pV 

V"11 N"1). Bridge 3 responded primarily to Fy2 (164.3 uV V"1 N~1), but was also 

influencedd by forces acting in x-direction (Fx, -81.4 uV V"1 N"1). Bridge 3 was 

insensitivee to Fyi (-1.6 uV V~1 N 1 ; ^=0.65). 

Itt appeared that deviations from the line of best fit were not randomly 

distributed,, but were dependent on the magnitude of the applied force. Since the 

deviationss increased with increasing force, an error of prediction calculated over the 

wholee sensitivity range may underestimate the transducer's accuracy to measure 

smalll forces. To illustrate the transducer's accuracy we calculated the error of 

predictionn for a small force (5 mN), at the beginning of the sensitivity range, and for 

aa large force (5 N). The transducer measures a force of 5 mN acting in the x-

directionn with an accuracy of  0.3 mN. A force of 5 N acting in the same direction 

cann be measured with an accuracy of  3 mN. If these two forces act in the y-

directionn they can be measured with an accuracy of  1 mN for a force of 5 mN, and 

off  13 mN for a force of 5 N. 

Thee error in the moment arm depends on the magnitude of the applied force. 

Thee transducer measures the moment arm of a force of 8 mN with an accuracy of

2.55 mm. The accuracy improves rapidly with larger forces. The moment arm of 

forcess larger than 20 mN can be measured with an accuracy of  1 mm. 
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TestTest series 2. The relationship between the output voltage of the three 

bridgess and the direction of pull is shown in Fig. 3a,b. The calculated direction of pull 

off the resultant force vector was compared with the applied direction of pull (Fig. 3c). 

Thee curve is linear over the whole range of angles applied (r >0.999) indicating that 

thee responses to the force acting in the x- and y-directions are added linearly by the 

transducer.. The accuracy of the direction of pull for the applied force of 2 N was

.. All data points in Fig. 3 are from single recordings. 

Att smaller forces the error in the direction of pull increases. The direction of 

pulll for forces down to 15 mN acting in the y-direction, can be measured with an 

accuracyy of  1  (the accuracy at a force of 8 mN is . The direction of pull is 

mostt accurate if the force is acting in the y-direction and least accurate if the force is 

actingg in the x-direction. The accuracy in the x-direction is about one fifth of the 

accuracyy in y-direction. 

TestTest series 3. Bridge output voltages caused by a force of 2 N perpendicular 

too the xy-plane of the transducer did not exceed 5% of the transducer response 

causedd by a force of the same magnitude, acting inside the xy-plane of the 

transducer. . 

TestTest series 4. There was no significant effect of the temperature on the 

sensitivityy of bridge 1. The measured change in the output voltages of bridges 2 and 

33 were 0.77 C and 0.35 C (amplification: 5000x), respectively. This 

differencee represented a change in the average sensitivity of 0.4% for bridge 2 and 

0.9%% for bridge 3. 

TestTest series 5. The transducer resonance frequency was approximately 350 

Hz.. This is well above the highest frequency component of forces produced by the 

contractingg muscle, that do not exceed 200 Hz. 
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Relationshipp between transducer response (amplification: 5000x), and applied load. The transducer 
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Thee transducer response to small forces (5 mN - 0.1 N). B, D, F: Transducer response to larger forces 
(0.5-55 N). Solid lines represent linear fits calculated over the entire load range (5 mN - 5 N). 
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InIn  vivo  application/evaluation 

Twoo test results from an initial biomechanical in vivo study of the rabbit are 

presentedd in Fig. 4. The calibration function previously determined was used to 

calculatee the force magnitude and the position of the line of action from two different 

motorr units. In addition, we calculated the point where the resultant force vector was 

appliedd to the zygomatic arch. 

Thee top graph of Fig. 4. shows the changes in the output voltages of the three 

bridges,, plotted against time. The resultant force magnitude calculated from the 

bridgee output voltage is shown in the middle graph of Fig. 4. The positions of the 

liness of action in the masseter muscle at peak force are plotted in the bottom picture 

off Fig. 4. 

Motorr unit #1 showed a maximum force of 58 mN, and a direction of pull of 

.. The line of action matched exactly the position of visible contractions in the 

superficiall masseter. Motor unit #2 showed a maximum force of 22 mN, and a 

directionn of pull of . The line of action matched the position of visible contractions 

inn the posterior deep masseter. 

Discussio n n 

Onee of our objectives is to study the mechanical effects resulting from activation of 

singlee motor units in a complex muscle. The forces developed by single motor units 

usuallyy do not exceed 0.25 N (Kwa et a/., 1995a) and a very sensitive device is 

requiredd in order to register variations in the line of action. A problem in measuring 

thee magnitude of force from an active motor unit is the large elastic force from 

surroundingg tissues. This passive force depends on the extension of the muscle. 

Thee present transducer is shown to have a sufficient dynamic range to solve this 

measuringg problem. 

Dependingg on individual demands, the transducer can be used with or without 

aa connecting strip. Regardless of the presence or dimensions of a connecting strip, 

anyy force applied will be resolved into three force components 

att the two points (pi and P2) in the lower part of the transducer. Nevertheless, one 
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Figur ee 4. 
Dataa obtained from two different motor units (#1 and #2). On the left side a single signal, recorded 
fromm a relatively large motor unit. On the right side averaged signals (n=35), from a smaller motor unit. 
Top:: successive output voltages of bridge 1, bridge 2 and bridge 3 plotted against time. Middle: 
resultantt force magnitude calculated from the three bridge output voltages using the calibration 
function.. Bottom: the positions of the lines of action in the masseter muscle. 
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shouldd keep in mind that if the force is not directly applied at pi or p2, moment arm 

andd direction of pull will have an effect on the readings of the strain gauges, and 

thereforee on the accuracy of the measurement. During our in vivo experiments we 

usedd a 21-mm-aluminum strip to facilitate the connection between the transducer 

andd the zygomatic arch. The flexible aluminum strip also reduced forces acting 

outsidee the xy-plane. An analysis of the transducer's performance when the force 

wass applied through the connective strip showed the following results. The 

connectingg strip had no significant effect on the error of the force magnitude of small 

forcess at the beginning of the transducer's sensitivity range. However, the maximum 

errorr increased with the force magnitude up to 3 mN for a force of 5 N. The 

maximumm error in the moment arm increased with 1.5 mm for a small force of 8 mN. 

Thee error in moment arm decreased rapidly with increasing force magnitude. The 

connectingg strip had a minor effect on the accuracy of the force direction. The 

maximumm increase in the error of the force direction was only . 

Thee rabbit masseter muscle has a highly complex architecture with muscle 

fiberss running in several directions. Although the new transducer was designed to 

measuree force in two dimensions, it is suitable for accurate registration of masseter 

musclee force because the major force vectors of the masseter muscle lie in a single 

plane.. A crosstalk of less than 5% ensures that forces applied outside the plane of 

measurementss do not affect the measurement of the force vectors position. 

Thee present transducer measures force magnitude in the range of 0-5 N. We 

didd not test the transducer accuracy beyond this range, but the transducer can be 

loadedd with forces up to 6 N without damaging the device. 
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