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(ABSTRACT)

Data collection on isometric forces exerted by means of the digits, is a virtually untapped research

ä
area. However, such data would prove particularly usetirl in areas such as hand-tool and control

design, and also in medical evaluation. A standardized protocol is necessary if a sound, usetirl data

Q3) base is to be built. This study developed such a protocol and data were collected using the definedprotocol. ·
The study also showed that occupational level (defined by tools and controls used) and gender both

had signilicant effects on certain strength exertions of the digits. Therefore the appropriate data

must be collected, depending on the intended use and user population. Regression cquations were

produced which predicted the strength exertions using anthropometric measurements which are

commonly available. Although some particular exertions were not well prcdicted, the potential of

prediction was veriiied.
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Introduction i

Human strength data are necessary knowledge in the human factors profession. In order to under-

stand human capabilities and limitations and to design efficient interfaces between the human and

machine, knowledge of human strength is paramount. Human strength measuremcnts are also a

part of the medical and therapeutic data base. Most human strength studies thus far concern static

strength measurement, i.e.,the maximal voluntary isometric force muscles can exert in a single ef-

fort. Chailin (1975) points out that muscle strength measurements are necessary in order to predict

a person’s physical capability in job performance, to test for 'reserve' strength capability which is

useful in particular situations, and to establish population norms necessary for eücient design of

machines and tools. One specific area in which the accumulation of strength data is necessary is the

study of the human hand. Reliable human hand strength data are necessary for several reesons.

Control and Hand—T00l Design

The need for such data in the design of hand·operated controls and hand-tools is apparent in the
-

literature. In order to effectively design systems which require human control, especially control

through motor inputs by the hands, user population norms must be established for reference. This
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delineates the range of capabilities of a population of system users. Required strength in task per-

formance must be restricted such that a maiority of the users is able to safely perfonn the task.

However, such restrictions cannot be placed upon force requirements unless the capabilities of this

majority are known. A specific example of this need for finger strength data in industry is given by

Winters and Chapanis (1986). They eollected data on thumb push forces because no such data were

found in the literature. The data were necessary because such force exertions were required to seat

standard electronic modules in electronic enclosures, and the design and maintainability of these

modules needed improvement.

Inter-individual variations in strength abilities are very large; thus a sound, useful data base must

be established. This data base would be useful in the design of controls because the design

detrermines the amount of force necessary for control operation. Proper design is especially im-

portant when human performance is critical and negative events result from improper system con-

trol. A relatively new type of control where proper input is critical is the multiftmction hand

control, such as the left-hand control of the F-18 aircraft (Sanders and McCormick, 1987). This

device includes two slide controls (engine throttles), four thumb controls, two index ünger controls,

and five controls for the remaining three fingers. The right-hand control has seven more controls

than the left. Obviously, a variety of finger strength data is necessary for this control design.

One aspect ofcontrol design is the resistance ofthe control. ln order to use many controls, a certain

amount of force is required to overcome this resistance. Static friction is resistance to move-

ment and is often used to reduce the possibility of accidental activation of an important control

(Sanders and McCormick, 1987). One ofthe general principles ofcontrol design noted by Chapanis

(1972) is to prevent accidental activation by providing a maximum control resistance which is one

half of the operatofs maximal strength. This applies to controls requiring single force applications

or short periods of continuous force application. Clearly, force capabilities of the digit(s) to be used

in control activation must be known. Otherwise, resistance may prevent activation when the ma-

jority of the population exerts force. Even worse (especially when accidental activation is detri-

mental), resistance may be too low compared to exertable forces and slight force exertions will cause
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accidental activation. Resistance of a control is also often used to provide operator feedback, and

thus must be well designed into the control, particularly when feedback is crucial. Resistance is a

design feature of many types of controls, including toggle switches, push buttons, rotary selection

switches, and levers. Thus force capabilities of the digit(s) used in the operation of these controls

must be determined and applied to control design.

A type of control which is not displaced, but functions according to human force input, is the pure

force or isometric control. The output of this type of control is directly related to the amount of

force applied. Such controls are becoming more common with current advances in electronics and

servo control mechanisms, which are feedback systems containing a sensing element, amplifier, and

motor (Sanders and McCormick, 1987). The design of these controls obviously should be based

on limits and norms of human force capabilities, particularly constant force capabilities because

operation is based on a maintained force. Another specific type of control which relies on a main-

tained force input is the lever action toggle switch. The positive-action type switch requires applied

force until the control snaps into position, where it remains. The lever of the spring-loaded type

switch remains in position only as long as the force is applied (Chapanis, 1972). Here is an obvious

example of a design necessitating the input of human finger strength data. Membrane keypads are

becoming more popular in consumer product design. Although they are not truly isometric con-

trols, the typical key travel distance is extremely low. In order to aid in prevention of accidental

activation, greater forces are required to activate most membrane keypads than conventional

pushbuttons (Sanders and McCormick, 1987). A greater body of Enger strength data could con-

tribute to the optimization of forces required for the activation of such keypads.

The minimal force required for control operation should not be greater than the maximum

exertable force of the weakest operator. Woodson (1981) observes that individuals do not always

utilize the best methods in force application. Therefore, maximum capability values should not

be used as the bases in design. When considering the control of a crucial function, such as an

ejection seat trigger, it is clear that the largest possible percentage of the user population should

possess the strength capabilities necessary for control operation. However, contrcls should also be
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able to withstand very large forces exerted upon them. In an emergency or panic situation, these

forces are likely above the norms. When too many operators cannot supply enough force for

control operation, power-assisted operation may be necessary. Expected force capabilities can aid

in the decision ofwhether or not to design a powered control system. Thus, the high and low limits

of hand strength norms must be taken into account in control design. Clark and Corlett (1984)

suggest force limits of 2.45 N minimum and 11.77 N maximum for input force required in push

button operation. The oriän of these suggested limits is unknown, but additional data are neces-

sary to set limits on all types of controls. Ohen not only force requirements inherent in controls,

but also control dimensions, are based on expected human force input. The design of knob diam-

eters and handgrip spans may result in part from the expected range of force inputs. For example,

Chapanis (1972) suggests that minimum handgrip diameter be 0.25 in (0.635 cm) or larger for 10

to 15 lb (44.5 to 66.7 N) inputs, and at least 0.5 in (1.27 cm) for 15 to 25 lb (66.7 to 111.2 N) inputs.

Therefore, control dimensioning is another design aspect which calls for a reliable data base of hu-

man hand strength ranges.

A control may be operated through non-prehensile movement (where a push or pull is exerted

against a free·sta.nding device), or prehensile movement may be used (where a control is grasped

and held in the hand during usage). Such prehensile movements are particularly prevalent in the

use of hand·tools. Not only must the hand or lingers chen operate the controls on the hand·tool

(where the rules mentioned above apply), but the hand or fingers generally must actually hold the

tool. This requires a certain amount of maintained force. If the force is not great enough or cannot

be maintained long enough (which may result from excessive tool weight), the object may be

dropped, and personal injury or product damage may occur. Thus it is important to know human

hand and diät strength capabilities not only for control design, but in hand·tool design as well.
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Medical Evaluations _

Strength measurements of the hand are also useful in the field of medicine. Hand and digit capa-

bilities are important in the treatment of injured or diseased hands, and also in work with normal

hands. Peak grip strength is often used in hand therapy and functional assessment, and there is an

extensive pool of data available. However, finger strength data are also necessary in hand assess-

ment. Arden (cited in Dickson and Nicolle, 1972) states that when the hand loses its ability to pinch

eüectively (as often occurs during rheumatoid disease), it loses 80% of its functional value. In ad-

dition, disease or operation most frequently affects individual digits rather than the entire hand.

Disease normally strikes the digits of the hand assymetrically, not affecting the entire hand with a

constant distribution. For the particular case ofrheumatoid hand therapy, operations on one or two

digits are three times more prevalent than those on more digits (Dickson and Nicolle, 1972). Thus

it seems logical that data on the capabilities of individual digits should be gathered, and would be

useful in a variety of ways in the medical community. Often, however, individual digits or their

various combinations are not considered in functional hand assessment. Although grip strength is

a useful indication of hand function where the hand performs as an integrated unit, it is often not

of particular use to medical personnel. More skilled and precise functions of the hand are more n

applicable to everyday functional requirements (Weiss and Flatt, 1971).

One contribution of finger strength data to the diagnosis and treatment of diseased or injured hands

is to provide the norms of such forces for comparison. As long as the conditions of data collection

are known (such as standardization procedures, instrumentation, and subject information) and data

are used only when applicable, patient performance can be compared to the supplied norms. Degree

ofdisability or percentage of functional loss can be estimated in an objective manner. Objective and

quantitative estimations are especially important in cases of worker oompensation or legal suits.

Although the injured or diseased hand may be compared to the opposite hand for estimation of

peroentage of functional loss, strength in the opposite hand may be quite different from the original

strength of the alfected hand. Also, when injury or disease strikes the other hand as well, this type
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ofprocedure cannot be used. Thus the degree of strength loss can be estimated comparison

to normal hand strength ranges. Several researchers (Bowman and Katz, 1984; Dickson and Nicolle,

1972; Weiss and Flatt, 1971) note the need for caretully collected normal hand data which could

be used as a baseline for diseased or injured hand therapy.

These norms could be used not only in dctermination of percentage loss, but also to estimate

the degradation process of hand function due to disease. Of course the data may also be used for

improvement estimations, either during therapy or following corrective surgery. The baseline values

could provide a quantitative goal for the recovering patient to aim for during hand therapy, and also

provide a means of determining the success of therapy and when it can be terminated. In the same

manner, normal hand strength data can provide a means of charting progress following hand sur-

gery and determining the success of surgical treatment. Weiss and Flatt (1971) even suggest that

such data be used in surgery to estimate (through regression techniques) how much fimctional im-

provement would result if certain finger-lengthening procedures or syndactyly release were per-

formed.

Olten hand strength norms are used in the assessment of uninjured, non-diseased hands. Bowman

and Katz (1984) note that hand strength can be used as an objective index ofdevelopment in chil-

dren. Children and adults can be classiiied by their strength capabilities through comparison to

norms. Iffor some reason it is desirable that a person possess strength capabilities within a certain

range, deviation from this range can be discovered, and this person can then work toward achieving

the desired capability. Humans are provided with various types ofnorms in order to recognize their

capabilities (e.g. physical fitness standards for children). It is reasonable to expect that norms of

_ ünger strength wouldbeusefuilinthismanneraswell.
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_ The State of Hand Strength Data

In areas as important as control or hand~tool design and the medical profession, it is imperative that

a broad, reliable base of applicable hand strength data be available. Knowledge of human hand

strength is extremely useful but, particularly in the specific area of strength, is not especially

prevalent in literature. Many studies are also unreliable and unrepeatable because of inadequacies

in testing conditions, subject data collection, statistical analyses, or simply the failure to report all

important details of the experiment.

Smith and Benge (1985), following an extensive survey of literature, occupational therapy clinics,

and occupational therapy education programs, conclude that a standardization of grasp and pinch

testing protocols is desperately needed. They End that pinch terminology and, more importantly,

testing procedures (subject position, number of trials, rest periods, and testing instructions) are far

from standardized. The majority of testing factors require standardization in order to provide test

validity, reliability, and repeatability. Kroemer (1987) and Chafiin (1975) both state that in pre-

senting strength data, such factors as testing instructions, subject body posture and support, inter-

action with the measuring device (including direction of force), subject biographie data (such as

gender, age, anthropometric data, and health status), and equipment used should be standardized

and reported. Most studies do not report all of these conditions, and so the data are not as appli-

eable as readers may assume.

Not only does lack of standardization present a problem in study applicability, but most reports

include only a select few patterns of force generation. McPhee (1987) notes that ümctional hand

evaluations should include patterns indicative of everyday fimctional activities. Many patterns of

finger function exist, but the majority of them are not represented in the finger strength data present

in literature. Ofthe data that do exist, the method ofdata collection is often not indicative ofactual

exertions in everyday functions. Most studies gather data using a mechanical pinch gauge which

records only maximal peak force generated between opposing surfaces of two or more fingers
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against the thumb. Although this type of exertion is sometimes necessary in normal activity, sus-

tained forces (which are actually lower than maximal capabilities) are used more often. The peak

force normally reported is one resulting from a 'jerking" motion. This 'jerk' invites non—isometric,

dynamic muscle contraction, which is often accompanied by energy storage and/or release through

deceleration. of moving body parts (Caldwell, Chaflin, Dukes-Dobos, Kroemer, Laubach, Snook,

and Wasserman, 1974). The use of static assessments, as opposed to dynamic, is preferred, because

of the diüiculty in measuring muscle force in dynamic eiforts (Chaiiin, 1975; Kroemer, 1970). Be-

cause of the potential of standardizing and thus reducing errors in the collection of static strength

data, this type of information is generally more applicable than peak strength measurements.

Kroemer (1970) ünds that only seven of fifty articles surveyed reported the method of data col-

lection (index) chosen (whether a peak or sustained isometric force was measured). If the index

chosen is reported, it is usually a peak force measurement. However, often the reader does not even

know the method of data collection, and thus cannot accurately apply the given data.

Purpose

The purpose of this study was to supply a standardized protocol for the collection offinger strength

data, and to use this protocol in creating an applicable data base of several useful finger strength

measurements. A pilot study was performed to ascertain whether the standardization of wrist and

hand position was a necessary part of of the staudardized protocol. The study also determined

whether finger strength varied signilicantly between subjects who were skilled in the daily use of

industrial-type hand tools and controls, and subjects who were unskilled in using industrial·type

devices, and used only consumer-type devices daily. This determined the amount ofgeneralization

possible between the two groups, and indicated the subject pooling requirements for certain finger

strength data applications. The effect of gender on finger strength was also determined in order to

recommend subject pooling for further data collection. A regression analysis was performed using

subject anthropometric measurements and hand strength data to predict each of the strength
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measurements. The regression equations which were accurate predictors of a certain criterion can

now be useful in further studies to estimate that criterion when direct measuremt is infeasible.
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Literature Review

Standardization of Instructions

The force output exerted by a subject is a function of intrinsic muscular capability, but also is

largely determined by the instructions of the investigator. If the instructions are unspeciüed or

unclear, the subject may assume an instruction (Kroemer, 1970). In some cases strength data be-

tween studies, or even between subjects in the same study, cannot be compared because of the in-

struction factor. If instructions vary between subjects, the amount of subject motivation and thus

strength output resulting from these instructions is likely to be inconsistent. Chaüin (1975) suggests

written subject instructions to motivational effects. Even changes in voice inflection

during repetition of identical instructions across subjects may invite motivational effects. In a study

by Johansson, Kent, and Shepard (1983), magnitude of muscle contraction resulting from differ-

enees in verbal command volume is reported: they note that a volume increase of 22 dBA signif-

icantly increases muscular contraction strength. Therefore, even when identical instructions are

used, motivational effects may still change if the volume of command varies.

A study on handgrip strength conducted by Kroemer and Howard (1970) demonstrates the effect

of different instructions on force generation. They use the instructions (1) 'Exert and hold your
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maximal force for five seconds, then release,' (2) 'Apply gradually increasing force until you reach

your maximum, then re1ease,' and (3) 'Apply your maximal force suddenly twice.' These in-

structions (hold, increase, and jerk, respectively) generate different 'scores' (peak values, time to

reach peak, and various averaged force values). A subsequent study by Berg, Clay, Fathallah, and

Higginbotham (1988) also demonstrates that standardized instructions of hold, increase, and jerk

affect similar types of scores in pinch strength measurements. Thus instructions should not only

be standardized for all subjects, but the type of instruction used should be based upon the desired

pattem of force generation output. Data gathered using appropriate instructions are scarce. In his

survey of fifly reports of strength data, Kroemer (1970) notes that only seventeen contain infor-

mation on subject instruction and actual exertion techniques ofthe subjects. Obviously appropriate

usage and reporting of subject instruction is scarce in strength data reports, especially studies of

finger strength.

I
Definition of Sustained Force

lf a sustained force is to be measured, certain characteristics of that force must be defined. The

duration of the sustained isometric force must be specified and standardized across measurements.

A thorough article which proposes a standard procedure for static strength measurements (Caldwell

et al.,l974) suggests as maximal isometric strength score the mean value of three seconds of steady

exertion. Subjects are allowed one second to build up to this sustained contraction. The subject

then exerts a maintained steady force for four seconds, with the mean of the first three seconds used

as the strength datum. Thus total trial time is five seconds. Kroemer and Howard (1970) use this

definition of constant exertion length in their testing for the 'ho1d’ instruction. Kraemer (1970)

reports that this type of time·integrated score, as opposed to a peak or pulse (average score over

one second), is more indicative of the actual force exerted during a certain period of time. Chaflin

(1975) agrees, pointing out that this method ofaveraging over three seconds reduces errors resulting

from tremor. He does recommend that pilot studies are used to assure adequate build-up time to
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allow a steady exertion of three seconds, but that total voluntary exertion should last no longer than

four to six seconds to avoid fatigue. Kroemer (1970) also recommends that strength tests require

force exertions of less than ten seconds to avoid muscular fatigue.

In addition to standardization of the length of sustained contraction, a standard definition of "con-

stant' force should also be adopted. The proposed procedure ofCaldwell et al. (1974), the 'Caldwell

Regimen', states that within the three seconds of recorded maintained exertion, a deviation of no

more than +/-10% of the average force should be allowed. That is, the value of the force exerted

at any instant should not fall outside of a +/-10% bandwidth surrounding the averaged force of

the total exertion. This +/-10% criterion is discussed in the Berg et al. (1988) study. It was noted

in preliminary studies that many subjects were unable to exert a force 'constant^' by the +/-10%

definition for various finger pinches, so the exertion is checked against a more lenient +/-15%

criterion. The testing conditions in the Berg et al. study also provide for some deviation from the

recommended one second build-up time in order to assess the need for additional time to reach the

maximum force. It was also determined whether the subject was able to maintain a 'constant' force

immediately following this maximum or if additional time was necessary. Thus the appropriateness

of the 'Caldwell Regimen"' for static finger strength measurement was examined for two different

instructions:

1. 'Exert peak force as quickly as possible and sustain it for five seconds' (peak and maintain).

2. 'Build up gradually to peak force over one to two seconds and sustain it for five seconds total'

(build up and maintain).

Results of the study indicate that, during a three second sustained measurement, 46.1% ofthe trials

were 'constant' as defined by the +/-10% bandwidth criterion, but 82.2% of the same trials were

'constant' by the +/-15% criterion. This study also examined the length of constant sustained

forces and reports that during two seconds of sustained force measurement, only 34.4% ofthe trials

were 'constant' by the +/-10% criterion, but nearly all trials, 98.3%, were 'constant' under the
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+/-15% criterion. The five second time period also allowed evaluation of the 'Caldwell Regimen'

by allowing deviation lrom a one second build-up time and allowing extra time to reach a main-

tained force which is constant by definition. The results indicate that the build-up time and time

to reach sustained maximum voluntary contraction (MVC) are applicable to statictinger strength

measurements, especially under the 'peak and maintain' instruction. The subjects took an average

of 2.3 seconds to reach maximum under the 'build-up and maintain' instruction, and thus took at

least 2.3 seconds to reach a sustained MVC.

The recommendations of this study, therefore, are to apply the 'Caldwell Regim ' to static ünger

strength measurements with the following alteration: measure the constant maximal voluntary

contraction as an average force over two seconds (rather than three), and tolerate a deviation of

+/-15% (rather than +/-10%) from the average force values.
C

Measurement of Forces

The choice of equipment to be used in the collection of strength data is determined by the defined

pattern of force output. If only a maximal peak contraction (jerk) is desired, then de-

vices such as the widely used B&L pinch gauge provide an adequate reading of the force generated

(Mathiowetz, Weber, Volland, and Kashman, 1984). However, as discussed, a peak force may not

be as useful as a sustained isometric contraction. When the desired output includes characteristics

of a force sustained over time, the equipment used must be capable of recording the data as such.

Thus two classes of human strength measurement instruments may be defined: 'indicating', which

displays instantaneous measures of strength, and 'recording', which records a permanent record of

a force traced over the entire period of exertion (Kroemer, 1970). A recording instrument is the

obvious choice for measurement of a sustained constant force, because of the tluctuations which

occur and such a force from an instantaneous one.
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Various studies (Ewing and Stull, 1984; Hazelton, Smidt, Flatt, and Stephens, 1975; Mundale, 1970;

Nwuga, 1975; Pryce, 1980) use recording hand grip strength. The studies reporting details of

instrumentation employ strain gauges in the force transducer. Pronk and Niesing (1981) report that

electric strain gauge dynamometers, through calibration, supply the advantages of increased accu-

racy, reproducibility, and the ability to observe and correct for hysteresis (failure to return to the

original position following deformation). Of course, the points of force application must be well

defined and standardized in order to use any type of dynamometer properly. Other studies (An,

Chao, and Askew, 1980; Berg et al., 1988; Bolsinger and Mai, 1985; Jain, Hennedy, and Carus,

1985; Kroemer and Gienapp, 1970) use the recording type force measurement instrument in gath-

ering finger strength data. The majority of these instruments operate through the use of strain

8a“8¢$·

Fry (1960) reports that when recording instruments are used to measure human physiological

functions, the most important characteristic of the instrument is its accuracy. He supplies three

criteria of recording accuracy: static accuracy, dynamic accuracy, and physiologic reactance. Static

accuracy consists of stability (freedom from a drift in the baseline or calibration output) and

uniqueness (freedom ü·om hysteresis). This type of accuracy may be checked through multiple

calibrations. Dynamic accuracy is govemed by the noise level inherent in the system as well as the

dynamic response of the -·•· . Inherent noise level is simple to recognize when no external input

is supplied, but dynamic response must be checked by supplying a known input and observing the

response. Physiological reactance is related to the interface between the force supplier and the

measuring device itself. For instance, the point of contact between the human digit and the force

measuring device should not influence the ability of the digit to produce force. The device should

not be constructed so that force produced is limited by pain or discomfort. When physiological

recording systems are chosen, all of the mentioned aspects of accuracy should be considered. Not

only a.re subject capabilities and standardized procedures determinants of force output, but the

characteristics and adequacy of the force measurement equipment chosen will also influence the

static strength measurement.
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Although procedures and equipment may be objective and accurate in measuring force output,

currently the assessment of ’maximum static strength' is subjective. Hence the term 'volu.ntary'

is present in 'MVC" (maximum voluntary contraction). Although researchers such as Kroemer and

· Marras (1980) have developed a method of predicting maximal strength through examination of

strength build·up rates, all instrumentation currently used measures only subjective maximum vol-

untary force exertions. A subject’s perceived constant force exertion may not result in a constant

recorded force output. Cain and Stevens (1973) report in their handgrip study that during the first

minute of a constant·eH'ort force exertion (without feedback), actual recorded force drops. They

hypothesize that this results from a rapidly fatiguing system, in which the decreases in actual

measured force sustain the perception of a constant force exertion. Although this phenomenon

probably would not be notiwd in a very brief force exertion of a few seconds, it is worthy to rec-

ognize that perceived constant force may not result in an actual constant force output. Thus con-

stant eifort, like maximum elfort, is normally a subjective rather than objective term.

Fatigue

Kroemer (1970) defines fatigue in muscular strength testing as a physiological state of deteriorated

capacity to do physical work. Hertzberg (1972) states that fatigue is one of the biological factors

which atfects strength output, especially over a certain period of time. The ability to sustain a force

is inversely related to the percentage of maximal force produced. Thus as a higher percentage of

maximal force is required, the time period during which it can be sustained becomes shorter

(Hertzberg, 1972; Kroemer, 1970; Molbech, 1963; Monod and Scherrer,1965; Mtmdale, 1970;

Rohmert, 1960). As previously mentioned, a voluntary static strength exertion should be main-

tained for less than ten seconds to avoid the eüect of muscular fatigue.

Fatigue may also result if adequate rest periods between strength exertions are not provided.

However, Smith and Benge (1985) report that only 13.1% of the occupational therapists and edu-
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, cators surveyed used a specific protocol for rest periods between hand strength exertions. Many

published studies on gzip strength do not mention standardized rest periods, but those which do

have used rest periods of thirty seconds (Bowman and Katz, 1984), one minute (Nwuga, 1975), two

minutes (Imrhan, 1987), and three minutes (Pryce, 1980). Many studies on finger strength also lack

standardized rest periods, but Hazelton et al. (1975) report a thirty second rest period following two

three-second exertions, and Berg et al. (in press) use rest periods of thirty seconds to one minute.

Milner·Brown, Mellenthin, and Miller (1986) report that, for the specific case of the First Dorsal

Interosseous Muscle (index finger abductor), an average force recovery time of three minutes is

necessary. Caldwell et al. (1974) and Chaflin (1975) suggest that two minutes of rest be provided

if around üfteen static strength measurements of related efforts are performed in one test session,

and at least thirty seconds should be provided if a small number of measurements are required. In

addition, subjects should always be given the opportunity to request additional time to rest if they

feel they are too fatigued. Alden, Daniels, and Kanarick (1972) report that for the specific digits,

susceptibility to fatigue increases in the following order: thumb, index, middle, ring, and little ünger.

Standardization of Position

The survey by Smith and Benge (1985) reports that the majority of respondents use a 'standardized'

position in testing. However, the entire body position often is not standardized, and standardization

is defined in many instances as determined by patient comfort. However, the position of the body

influences the ability to exert strength. Various authors emphasize the importance of using and

reporting standardized body positions in muscle strength testing (Chailin, 1975; Hertzberg, 1972;

Kroemer, 1987; Mathiowetz, Kashman, Volland, Weber, Dowe, and Rogers, 1985). If posture is

not controlled, body mass can be utilized, thus creating various advantages across subjects. Indi-

viduals generally utilize body mass if posture is unrestricted in strength testing (Woodson, 1981). .

In addition, various mechanical advantages resulting from different body positions can alfect force

output (Kroemer and Howard, 1970). However, many studies on hand or finger strength report
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no standardization of body position. Studies using standardization often do not restrict the entire

body but only one joint, such as the elbow, or use a range of acceptable body positions.

The majority of research on standardized body position in grip strength testing concerns the wrist

angle. The most widely accepted result is that maximum grip is possible when the wrist is in a

neutral position (with no ulnar/radial deviation or palmar tlexion/dorsitlexion ofthe wrist). Chaflin

and Andersson (1984) state that a ilexed wrist shortens the ünger flexor muscles, causing them to

lose some of their contractile tension·producing ability. In addition, wrist deviation (especially

ulnar deviation) causes the tendons of the wrist to bunch up in the carpal tunnel which may even-

tually cause intlammation and swelling of these tendon sheaths (tenosynovitis) (Chatlin and

Andersson, 1984; Sanders and McCormick, 1987). Pryce (1980) reports that subjects find ulnar

deviation more uncomfortable than the neutral position during grip strength exertions. In general,

most studies indicate that it is safer and more comfortable to use the neutral wrist/forearm position

in strength testing.

Most studies determine dynamometer grip span during testing by subject comfort or hand size. If

standardization of grip span is desired, a span of 5 to 6 cm is reported by Petrofsky, Williams,

Kamen, and Lind (1980) to result in maximum grip strength for both men and women. Hertzberg

(1972) finds that a span of 6.35 cm results in maximal gripping strength. One study (Mundale,

1970) reports that the joint angles of the iingers also aifect grip strength. This report concludes that

a 150 degree angle of tlexion for the metacarpophalangeal joint and a 110 degree angle at the

proximal interphalangeal joint ofthe remaining fingers produce maximum grip strength. No studies

were found to report the effect of the overall body posture on grip strength output. However, the

American Society of Hand Therapists (ASHT) (cited in Mathiowetz, Weber, Volland, and

Kashman, 1984) reeommends that, during grip strength testing, the patient should be '...seated with

his shoulder adducted and neutrally rotated, elbow tlexed at 90 degrees and the forearm and wrist

in neutral position.'
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The same body position is recommended by the ASHT for pinch strength testing (Mathiowetz et

al., 1984), but little research been performed on the effect of various body positions on finger

strength other than grip strength. Again, most research concentrates on the influence of wrist po-

sition. Hazelton et al. (1975) conclude that the force exerted in any one ünger is greatest when the

wrist is in a position of ulnar deviation (a 21 degree angle was used), and the next highest force is

that with the neutral wrist. Kraft and Detels (1972) ünd that pinch strength is significantly greater

when the wrist is in the neutral position than in 15 degrees flexion. Hazelton et al. (1975) also note

that, although the magnitude of total force per digit changes with wrist position, the relative per-

centages of strength per digit do not change. This means that the fingers are affected proportionally

by the change in wrist position. Swanson, Matev, and de Groot (cited in Imrhan, 1986) find that

pinch strength is 7% greater when the hand is supported than when unsupported. Kroemer and

Gienapp (1970) report that the thumb strength ofmale subjects depends on the angle of the thumb

with respect to the index finger. Thumb forces exerted with this angle at 0 degrees and 30 degrees

were not different, but were significantly lower than the forces exerted at 60 and 90 degrees. Hook

and Stanley (1986) report that pinches performed with non-active fingers flexed produce up to 92%

higher forces (an average of 73% higher) than when these fingers are extended. Woody and

Mathiowetz (1988) find that forearm position affects specific pinches, and that these results support

the ASHT recommended testing position. Some studies (Weiss and Flatt, 1971; Winters and

Chapanis, 1986) base their positions for ünger strength data collection on expected conditions of

actual work. Napier (1956) also states that definitions of prehensile hand patterns should be based

upon the actual function. Thuswhen defining standardized testing positions, the actual practical

applications should be kept in mind. However, once standardized positions are chosen, they should

remain constant across studies so that the exerted strength reflects muscular capability rather than

body position.
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Hand Dominance

There is some discrepancy between studies concerning the issue ofhand dominance. Several hand
‘

strength studies include data only on the subject’s dominant hand (Ager, Olivett, and Johnson,

1984; Berger, 1967; Krait and Detels, 1972; Nwuga, 1975). Burke, Tuttle, Thompson, Janney, and

Weber (1953) collected data on both hands, but report only dominant hand data. Their study is

concemed with grip endurance, and the non-dominant hand demonstrates the same pattem of en-

durance, only at lower levels of force output. Mathiowetz et al. (1985) combine scores of both

hands for all subjects, ignoring the issue ofhand dominance. They report that many subjects gen-

exate equal or even greater forces with the non-dominant hand. Dickson and Nicolle (1972) report

that, although the dominant hand is more dexterious, the individual finger forces of the dominant

hand are not signiiicantly stronger than the non-dominant hand. Several studies do report that the

dominant hand is stronger than the non-dominant hand, but no supportive statistics are offered

(Imrhan, 1986; Jain et al., 1985; Janda, Geiringer, Hankin, and Berry, 1987; Schmidt and Toews,

1970). Weiss and Flatt (1971), reporting on the pinch strength of children, conclude that for

right-dominant children, the dominant hand is signiiicantly stronger than the non-dominant. They

found no significant difference in pinch strength between hands for left-dominant children. The

experimenters reason that most tools or instruments are used with the right hand, and therefore

left-handed children develop strength in their non·dominant hand, whereas right-handed children

do not. However, another possible explanation for these results, as well as for many hand

dominance studies, is that often the sample size of left-dominant subjects is very small, and there-

fore generalizations should be made with caution. Bowman and Katz (1984) report that, for

right-dominant children, strength of the right hand is signiticantly higher than that of the left (they

only tested right-dominant subjects). Results from the literature indicate that the dominant hand

may be stronger than the non·dominant hand, and Sanders and McCormick (1987) recommend

that tools be designed to be used in the operator's preferred hand. This would indicate that hand

strength data be collccted on the subject’s dominant hand. Most studies show that there is not a
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great difference in strength between the dominant and non·dominant hand. However, if strength

data are used as norms and it is necessary to compare a patient’s non·dominant hand strength to

these norms, the evaluator should remember that the strength scores may be numerically higher for

the non-dominant hand, though probably not signiticantly higher.

Other Factors Affecting Strength

In addition to previously mentioned factors, there are many other determinants of strength, such

as physical Gender has an effect on strength · males are generally stronger than fe-

males (Ager et al., 1984; Bowman and Katz, 1984; Fisher and Birren, 1947; Imrhan,l986; Janda et

al., 1987; Nwuga, 1975). Ewing and Stull (1984) indicate that the rate offorce development is also

higher for males than for females. Age may also aifect strength. Studies indicate that overall,

strength increases with age until 25 to 40 years, and then decreases with age (Burke et al., 1953; Jain

et al., 1985; Schmidt and Toews, 1970). However, Hertzberg (1972) notes that hand and arm

strength are less correlated with than with trunk and leg strength. Height and weight also have

positive correlations with strength (Fisher and Birren, 1947; Hertzberg, 1972; Kroer, 1970).

Schmidt and Toews (1970) report that this relationship holds only for heights up to 75 inches (190.5

cm) and weights up to 215 pounds (97.5 kg). Other anthropometric measurements may also be

correlated with strength. For instance, Janda et al. (1987) find that larger hand length corresponds

to a greater grip strength. Burmeister and Flatt (cited in Ager et al., 1984) find that, for elementary

school children, the width of the palm predicts pinch strength. Weiss and Flatt (1971) report that,

also for children, a signilicant correlation exists between digit length and the pinch strength of that ·

digit.

Previously it was mentioned that instructions alfect strength, and should be standardized across

subjects. Not only does the volume of spoken instruction affect strength output as previously dis-

cussed, but pitch, tone, abruptness, and non-verbal factors (such as body posture and facial ex-
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pressions) of the instruction may also exert an influence (Johansson et al., 1983). These factors

should also be standardized across subjects. The motivation of subjects may also be aßected by

ego arousal, aspiration, goal·setting, competition, or verbal encouragement (Kroemer, cited in

Kroemer and Marras, 1980). lf possible, these factors should be eliminated during testing because

of the varied effects they have on the muscular performance ofdifferent subjects. Smith and Benge

(1985), however, report that 64.2% of their survey respondents encourage the patient through

coaching.

The subject's job position is likely to influence strength. Woodson (1981) notes that white-collar

workers generally are 10·20% weaker than blue-collar workers. The applicability of this statement

to finger or hand strength in particular is questionable. Job position and recreational activities may

also affect strength by improving or degrading physical health. This is one probable cause for de-

crease in strength after a certain age (Fisher and Birren, 1947). lfmuscles are used as much in later

life as they were at a younger age, the strength capabilities of these muscles should not suffer a large

decline due to increased age.

Health status as related to disease or injury aüects strength capabilities. Trauma, infection, surgery,

or disease diminish hand strength (Jain et al., 1985). Ikai and Steinhaus (1961) also report that

certain pharmacologic agents (alcohol, adrenaline, and amphetamine) affect the ability to exert

muscular strength.

The amount of quantitative feedback a subject receives is reported to influence strength output

(Berger, 1967; Hazelton et al., 1975; Kroemer and Howard, 1970). Another testing condition which

influences strength is practice, or learning, in interacting with the measurement device (Kraft and

Detels, 1972; McGa.rvey, Morrey, and Askew, and An, 1984; Petrofsky et al., 1980; Pryce, 1980).
l

Environmental factors affecting strength include altitude, temperature, and gravity (Hertzberg,

1972). McGarvey et al. (1984) report that the time of day has an effect on grip strength. Other

factors mentioned in the literature include loud noises, the subject's own outcry, hypnosis, specta-

tors, deception by the researcher or subject, fear of injury (Kroemer, cited in Kroemer and Marras,
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1980), subject distaste, htmger (Napier, 1956), and possibly breathing techniques (Pryce, 1980).

Because many factors affect muscular strength measurements, during data collection influential

factors should either be controlled between subjects or statistically tested for signiticant influence

on strength output.

Published Hand Strength Data

Many studies supply data on hand grip strength. Human engineering guidebooks often supply ta-

bles ofhand grip strength. As previously mentioned, most measurements in these studies are peak

measurements rather than time·integrated scores. Hertzberg (1972) also supplies maximal static

finger strength forces but notes that these types of data a.re rare. The most extensive surveys of

finger strength include Ager et al. (1984) (474 children tested); Kellor, Frost, Silberberg, Iversen,

and Cummings (cited in Ager et al., 1984) (250 adults tested); Mathiowetz et al. (1985) (628 adults

tested); Swanson, Goran—Hagert, and de Groot (cited in Ager et al., 1984) (100 adults tested); and

Weiss and Flatt (1971) (198 children tested). In all of these studies, force measurements were col-

lected using peak readings of force. Three other studies (Berg et al., 1988; Jain et al., 1985; Kroemer

and Gienapp, 1970) collected a reasonable arnoimt of useful finger strength data using sustained

force measurement techiques. However, the Berg et al. (1988) study includes data only on three

types of force exertions, the Jain et al. (1985) study does not specify the instructions given or how

the pinches were performed, and the Kroemer and Gienapp (1970) study includes only thumb ex-

ertions. Thus the collection of more sustained finger force data using time-integrated measurement

techniques is necessary to fill this gap in the strength literature.

The majority of studies on finger strength not only record peak strength, but they also generally

measure the same types of pinches. The most common types of finger strength measurements in-
i

clude the lateral pinch (force exerted between the pad ofthe thumb and the lateral side ofthe middle

phalanx ofthe index Enger), the three jaw chuck pinch (force exerted between the pad of the thumb
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and the pads of the index and middle tingers together), and the palmar pinch (force exerted between

the pad of the thumb and the pad of the index iinger). Variations of these pinches are the palmar

pinch with the thumb opposing the middle, ring, or little finger, and the tip pinch, where the tips

rather than the pads of the lingers are used. In their survey, Smith and Benge (1985) note that the

mentioned terms (lateral, three jaw chuck, palmar, and tip pinches) are oommonly accepted by their

survey respondents to indicate the given pinches. The study also indicates the percentage of re-

spondents who routinely test the indicated pinches in their occupational therapy work: lateral

(91.3%), three jaw chuck (72.8%), tip (56.4%), palmar (39.5%). Sollerman and Sperling (cited in

McPhee, 1987) estimate the percentage ofuse for various prehension patterns in daily living: lateral

pinch (20%), palmar pinch (20%), three jaw chuck pinch (10%). Thus these pinches are actually

used quite olten in daily life. However, there are many other commonly used methods ofcoupling

the human hand (the finger in particular) with a control, tool, or handle (Kroemer, 1986). Data

should also be gathered with respect to these other common methods of tinger strength exertion.

Categorization of Common Hand Functions

Napier’s (1956) functional categorization of prehensile hand movements is highly iniluential in

other functional hand studies. He divides hand ftmction into two categories by purpose: precision

and power. Precision grip is achieved when an object is pinched between the thumb and iinger by

using the tlexors, whereas power grip is achieved when the object is clamped by partly tlexed iingers

and the palm. Napier also categorizes the positions of the thumb, remaining fingers, and hand (with

respect to the forearm). This provides a method of finger and wrist position on in

testing, when-the tested exertion is easily categorized into one of these grip types. For example,

during precision grips, the thumb is in complete abduction and opposition to provide stability, and

the remaining fingers are ilexed and abducted. Thus, during precision pinches, standardized posi—

tions should resemble these conditions if data are to approximate everyday usage. Napier also re-

ports that the position of the hand on the forearm should be neutral during power grips, but in
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dorsiflexion for precision grips (the tip pinch, for instance). This conflicts with the ASHT recom-

mendation of neutral wrist position in pinch strength testing. Thus, if there is a difference in pinch

strength for the neutral and dorsiflexion positions of the wrist, a choice must be made in the se- '

lection of a standardized position in testing. Napier also provides examples where the precision

and power grips are combined, such as the hook grip (used in carrying a suitcase).

Further categorizations ofhand function patterns include those by Hall and Long (1968), in which

six types of power grip are analyzed; Kamakura, Matsuo, Ishii, Mitsuboshi, and Miura (1980), in

which fourteen patterns of static prehension are given, and Kroemer (1986), in which ten hand-

handle couplings are discussed. The following section, which provides the list of chosen measure-

ments for the current study, is based largely on the Kroemer (1986) article, as well as the pinch

strength studies previously mentioned, and the lists of commonly used controls supplied in the

Chapanis (1972) reference.
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Backgrormd

Description of Original Chosen Measurements

The following measurements were selected for data collection prior to the screening study. They

were chosen because of their applicability to common known hand functions (see next section,

Application of Chosen Measurements). Descriptions ofbody positions do not include standardized

digit and wrist angles because of the results of the pilot study which was performed (discussed in a

later section).

A digit which is fully extended had 180 degree proximal and distal interphalangeal joint angles. In

this study, all digit angles are measured with respect to this fully extended (straight) posture.

Flexing the digit (bending it toward the palm) causes a decrease in the angle as it is defined (the

included angle between finger and palm). Digits which are brought toward each other (together)

in the plane of the hand are referred to as adducted, and digits brought away from each other

(separated) are refexred to as abducted. _

The following is a description of body positions and a numbered list of the measurements. Figure

1 includes sketches ofa representative sample ofthese measurements. The illustrated measurements
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are: (a) index finger poke, (b) straight diät press (index Enger), (c) bent diät press (index Enger),

(d) lateral digit press (thumb), (e) radial and (f) ulnar diät presses (index finger), (g) hook press

(index ünger), (h) tip and (i) palma: pinches (index Enger opposing thumb), (j) three jaw chuck
l

pinch, and (k) lateral pinch.

During all measurements, the subject is seated with the upper arm vertical1>' against the side of the

body and the elbow flexed 90 degrees. During measurements 1 through 5, 7 through 17, and 19

through 22, the forearm and wrist are in pronation. During measurements 6, 18, and 23 through

32, the forearm and wrist are neutral. No support is provided for the arm, wrist, or hand. A narrow

backrest and a footrest are provided. For measurements 1 through 22 and 32, the measurement

device is held securely in a mounted vice. For measurements 23 through 31, the device is held

unobtrusively by the experimenter. Therefore the device is never fully supported by the subject.

For the purposes of this study the term ’poke' is used to describe exertions where force is trans-

mitted at the tip of one straight diät in line with its long axis. The term "press' is used to indicate

the remaining exertions in which force is transmitted by one diät. The term 'pinch' is used to in-

dicate exertions in which force is transmitted by one or more diäts in opposition to the thumb.

POKES

During measurements 1 through 5, the measurement device is at finger-tip reach of the em-

ployed diät. The diät exerting force is fully extended, and the remaining diäts are flexed and

abducted. The force transmitting surface is the tip of the diät (defined such that the tingemail

does not transmit force), and the force is exerted in line with the long axis of the extended diät.

1. Thumb poke

2. Index finger poke

3. Middle Enger poke
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4. Ring ünger poke

L l

5. Little fingerpokePRESSES

During measurements 6 through 10, the tested diät is fully extended. The remaining diäts are

extended and abducted. The force transmitting surface is the pad of the diät, and force is ex-

erted perpendicular to the extended diät.

6. Straight diät press (thumb)

7. Straight diät press (index finger)

8. Straight diät press (middle finger)

9. Straight diät press (ring finger)
L

10. Straight diät press (little finger)

During measurements ll through 14, the tested diät is flexed, and the remaining diäts are

flexed and abducted. The force transmitting surface is the tip of the diät, and force is exerted

perpendicular to the phalanx of the tested diät.

ll. Bent diät press (index finger)

12. Bent diät press (middle finger)

13. Bent diät press (ring finger)

14. Bent diät press (little finger)
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During measurernent 15, the thumb and other iingers are extended and abducted. The force

transmitting surface is the palma: aspect of the interphalangeal joint of the thumb, and force
V

is exerted perpendicular to that joint.

15. Lateral diät press (thumb)

During measurements 16 and 17, all diäts are extended and abducted. The force transmitting

surface is the radial aspect of the distal interphalangeal joint of the index Enger for measure·

ment 16, and the ulnar aspect for measurement 17. Force is exerted perpendicular to the distal

interphalangeal joint of the index finger.

16. Radial diät press (index ünger)

17. Ulnar diät press (index Enger)

During measurement 18, the thumb is flexed, and the remaining fingers are ilexed and

abducted. The force transmitting surface is the pad of the thumb, and force is exerted per-

pendicular to the thumb pad.

18. Hook press (thumb)

During measurements 19 through 22, the tested finger is tlexed, the thumb is extended and

adducted, and the remaining iingers are ilexed and abducted. The force transmitting su.rface

is the pad of the tested diät, and force is exerted perpendicular to the pad.

19. Hook press (index finger)

20. Hook press (middle finger)

21. Hook press (ring finger)
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22. Hook press (little finger)

PINCHES
l

During measurements 23 through 31, the thumb is in opposition to the finger(s) tested. During

measurement 32, the thumb is flexed and abducted. For measurements 23 through 32, the

remaining fingers are flexed and abducted.

During measurements 23 through 26, the tested finger (opposing the thumb) is flexed. The

force transmitting surfaces are the tips of the digits, and the direction of force exertion is

through the centers of the opposing surfaces.

23. Tip pinch (thumb opposing index finger)

24. Tip pinch (thumb opposing middle finger)

25. Tip pinch (thumb opposing ring Enger)

26. Tip pinch (thumb opposing little finger)

During measurements 27 through 30, the tested finger (opposing the thumb) is flexed. During

measurement 31, the middle finger is flexed. During measurements 27 through 31, the force

transmitting surfaces are the pads of the opposing digits, and force is exerted through the cen-

ters of the opposing surfaces.

27. Palma: pinch (thumb opposing index finger)

28. Palma: pinch (thumb opposing middle finger)

29. Palmar pinch (thumb opposing ring finger)
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30. Palmar pinch (thumb opposing little finger)
U

31. Three jaw chuck pinch (thumb opposing index and middle fingers)

During measurernent 32, the index ünger is flexed. The force transmitting surfaces are the pad

of the thumb and the opposing lateral aspect of the middle phalanx of the index ünger. Force

is transmitted through the centers of the opposing surfaces. The remaining fingers are flexed

and adducted to support the index finger.

32. Lateral pinch (thumb opposing index finger)

Screening Study

The purpose of the screening study was to determine the appropriate levels of the independent

variable (the 32 measurements chosen), the adequacy of the instructions, the reliability of the ap-

paratus, and the appropriateness of the overall procedure. A special area of interest was the appli-

cability of the Caldwell Regimen. The +/-15% criterion was used in the screening study, and a

sampling period of 3 seconds was tried.

Data were collected from one subject (male, 27 years old) for 6 measurements. The chosen meas-

urements were the bent digit press (index finger), hook press (middle finger), tip pinch (ring finger),

palmar pinch (little finger), three jaw chuck pinch, and lateral pinch. These measurements were

repeated four times each, for a total of 24 measurements. The session lasted 3 hours and the subject

repeated 28 mcasurements because he exceeded the +/-15% criterion (deüned as a lack of con-

sistency). Thus 24 'cor1stant' measurements were taken while 28 other measurcments failed to meet

the criterion. Of the repeated measurements, 24 of 28 were exertions using the ring or little ünger.

Thus 8 'constant' measurements were recorded for exertions using these two digits while 24 meas-

urements failed to meet the criterion.
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The decision resulting from this screening study was to delete the measurements from the particular

protocol which used the ring or little fingers. The subject reported awkwardness in using these

lingers and could not exert a 'constant' force with them. The same phenomenon was observed in

the Berg et al. (1988) study. Articles such as Alden et al. (1972) report that the ring and little iingers

are not only weaker, but more susceptible to fatigue than the remaining diäts. These two üngers

are not used often in everyday hand functions, and when they are used, it is usually as support for

the other lingers, a control, or tool. Thus it is apparent that the collection ofa data base ofconstant

strength exertions from these iingers is diüicult and perhaps unpractical. Further research is nec-

essary to better describe the abilities of these two fingers.

One source of repeated measurements was removed (the measurements using the ring and little

iingers). However, the number of repeated measurernents resulting üom the time period over which

the averages were computed (3 seconds) was also questionable. In order to study the effects of this

3 second time period, it was retained for the pilot study. The total number of repeats of the ex-

ertions averaged over a 2 second period was also recorded. The results of the pilot study are dis-

cussed in a later section entitled 'Data Analysis and Results' (p.6l).

Listing of Final Chosen Measurements

The following is a list of measurements which were used in the pilot study, design 1, and design 2.

The body positions given earlier in the Description of Original Chosen Measurements section still

apply. Note that the measurement oriänally called hook press (thumb), which is measurernent 18

on p.29, was renamed bent diät press (thumb) because of its closer resemblance to the other bent

diät presses.

l. Thumb poke

2. Index ünger poke
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3. Middle finger poke

R

4. Straight diät press (thumb)
4 1

5. Straight diät press (index finger)

_ 6. Straight diät press (middle finger)

7. Bent diät press (thumb)

8. Bent diät press (index finger)

9. Bent diät press (middle finger)

10. Lateral diät press (thumb)

11. Radial diät press (index ünger)

12. Ulnar diät press (index finger)

13. Hook press (index finger)

14. Hook press (middle finger)

15. Tip pinch (thumb opposing index ünger)

16. Tip pinch (thumb opposing middle finger)

17. Palmar pinch (thumb opposing index finger)

18. Palmar pinch (thumb opposing middle finger)
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19. Three jaw chuck pinch ( thumb opposing index and middle fingers)
l

20. Lateral pinch (thumb opposing index Enger)

Applications of Chosen Measurements

Measurements were selected which represent everyday hand functions. The following list contains

the types ofmeasurements and some common hand functions to which they apply.

1. Pokes
• Activation of vertical push buttons
•

Activation of vertical keypads (conventional and membrane)

2. Diät presses
• Activation of horizontal push buttons , ..

• Activation of horizontal keypads (conventional and membrane)

3. Lateral diät press (thumb)
• Activation of horizontal push buttons
• Activation of spacebar of keyboard

4. Radial and ulnar diät presses (index)
• Activation of toggle switches (lever type)

• Dialing a rotary telephone

5. Hook press (thumb)
• Activation ofpush buttons on controls or tools (e.g., automobile emergency brake)

• Turning thumbwheels

6. Hook press (other fingers)
• Activation of gun trigger (index)

• Pulling on handles of objects (e.g., suitcases)
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• Closing windows (space provided only for finger pads)
O

7. Tip pinch '

• Tuming small rotary knobs
• Picking up coins and other small objects

8. Palmar pinch
•

Turning large rotary knobs
• Picking up drink cans and other large objects

9. Lateral pinch
•

Turning rotary selection switches
• Using keys
• Opening clip on clipboard
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Method

Subjects

Pilot Study

This study assumed that age, gender, and occupational category had no dect on diiferenees in

strength due to various wrist and finger positions. The relative geometry of the hand for all groups

and the influence of various ünger positions on strength should not be signiticantly different. This

hypothesis was not tested, but was assumed for the pilot study. A group of six subjects was used

in the study. The group included four females and six males, and the mean age was 25.7 years.

All subjects were right handed. Subjects were required to have no physical conditions which may

have adversely aüected test results. This requirement was monitored through the subject ques-

tionnaire (presented in Appendix A).
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Designs 1 and 2

Three groups of voluntary untrained subjects were sought from the university community. Each

group had l0 subjects, for a total of 30 subjects. One group consisted of male university students,

categorized as 'nonskil1ed' because of the lack of usage of industria1·type tools and controls. An-

other group consisted ofmale machine shop technicians, categorized as 'skilled" because oftraining

and daily usage of industrial·type tools and controls. The final group consisted offemale university

students, categorized as 'nonskilled'. Restrictions in the availability of female 'skiIled' subjects

precluded the collection of data on this sub·population. The categorization of 'skilled' and 'non-

skilled' subjects was checked through a questionnaire concerning tool/control usage, to insure

mutual exclusivity of the two groups (Appendix A). The mean ages (and standard deviations) for

the three groups were: male nonskilled, 23.2 (3.4) years; male skilled, 35.2 (13.8) years; female

nonslcilled, 23.4 (3.1) years.. All subjects except two nonskilled males were right-handed. All sub-

jects were required to have no physical conditions (such as hand injury or disease) which may have

adversely e.tl‘eeted test results.

Experimental Apparatus

The measurement device was a specially designed electrically wired gauge which consisted of two

stainless steel beam·1ike levers solidly connected at their bases (Figure 2). The levers each had one

strain gauge mounted on each side, upon which force was applied. One lever was wired for usage

in a half Wheatstone Bridge arrangement. Thus only one lever was actually used for data collection

i
and the other was reserved as a back·up. A second gauge could have been instrumented for pinches

only (with both levers wired in a full Wheatstone Bridge arrangement), but the probable difference

in the calibration curve of another gauge as compared to the original did not warrant the small in-
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crease in sensitivity. The pinch separation distance of the gauge was the same as that of the B&L

pinch gauge. The gauge was not shaped to resemble controls which the data may be applied to,

but as Napier (1956) states, strength measurements should rely mainly on the intended function

rather than the shape of the object.

When the levers of the gauge were deflected during force exertion, the strain gauges bent slightly,

causing a change in their resistances. Although the subject did not detect the deflection, the strain

gauges sensed this change and the total output voltage varied accordingly. This voltage change was

amplified (using a Gould bridge amplifier) and sent to an analog·to·digita1 converter card ofan IBM

personal computer. The converter card sampled the voltage inputs at a rate of 612 data points per

second. The voltage was converted to force equivalents (in Newtons) by calibration with known

weights (0 to 18 kg) which were placed in static positions on the measurement device. The weights

were placed on the gauge such that the points of force application were the same as when the fingers

exerted force upon the gauge. The strain gauges were mounted such that they were sensitive only

to bending caused by force applications on the defined areas of the device. The calculated force

equivalents were part of the specially written computer program which collected data from the

bridge amplifier and stored these values. The bridge amplifier was always warmed up for at least

one hour before testing, and the calibration was checked before each testing period. Calibration

equations were changed if the reading was not identical to the last calibration, but the equations

were all within 1.3 N of each other. The program also checked for the 'constant" c of

applied forces (the +/-15% criterion) and sampled the force throughout the total time period of

exertion. Thus this system was a recording force measurement system. The study also used a cal-

ibrated Jamar handgrip dynamometer, an indicating (peak) instrument, for grip strength data col-

lection.

The large variety of measurements and various body positions required that the gauge be mobile,

yet stabilization of the gauge was also required. Thercfore a vice with a specially designed clamp

to solidly hold the gauge was used. The advantages of using such a vice included its strength,

adjustability, and ease of gauge placement and removal. The vice itself rotated in three dimensions
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to accommodate necessary positions of testing. Figure 3 illustrates the gauge in a vertical posi-

tion for pokes. Figure 4 shows the same position, but the gauge was turned over so that the in-

strumented lever was pressed for the hook press. In Figure 5, the gauge is in a horizontal position

for the straight and bent digit presses. Figures 6 and 7 illustrate the vertical position which facili-

tated the radial and ulnar digit presses. Again, the gauge was tlipped over so that the instrumented

lever was pressed for both of these exertions. The gauge was removed kom the vice for the pinches

by loosening the top screws on the clamp, and was held by the experimenter (Figure 8). The ex-

perimenter held the gauge by the sides of the bolted bases, such that this force application would

not alter the subject’s force reading.

The vice was mounted on a large aluminum bracket support which was secured onto a wooden

platform. An adjustable chair was placed on this platform along with an adjustable footrest. The

entire set-up is shown in Figure 9. The height of the vice on the support was deterrnined by using

anthropometric data from the NASA Anthropometric Data Source Book (Webb Associates, 1978).

In order to accommodate most subjects, the mean popliteal height plus one standard deviation for

males was added to the 95th percentile elbow height for males. This resulted in a total height of

the vice from the platfor·m of 70.6 cm. Any variation in subject height which was not accommo-

dated by this distance was provided for in chair adjustability. The chair had a vertical adjustability

range of 17.75 cm. Additional boards for the footrest provided for the necessary adjustments such

that the feet always rested on the footrest for any chair position. Foam padding was placed on the

chairback to support the subject’s back and to insure that the subject was sitting in an erect posi-tion. _
A color television hooked to a remote control video cassette recorder was placed in front of the

subject, where the instructions were played on tape. The instructions were always played at the

same volume, and the television remained at the same position for all subjects. Figure IO illustrates

the seated subject in the testing position.
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Experimental Design

Pilot Study
l

The experimental design consisted of a 6x2x2 mixed factor design. The design matrix appears in

Figure ll. This design involved three independent variables: measurement type, linger position,

and wrist position.

Measurement type was a iixed·ei1“ects, within-subjects variable. As shown in Figure 11, six levels

were chosen to investigate. These levels correspond to the following exertions: 1 (measurement 8:

bent diät press, index finger); 2 (measurement 14: hook press, middle finger); 3 (measurement 15:

tip pinch, index finger); 4 (measurement 18: palmar pinch, middle finger); 5 (measurement 19: three

jaw chuck pinch); 6 (measurement 20: lateral pinch). This sample was chosen because ofthe ability

to manipulate the angles of the diäts, and also because each diät is employed an equal number of

times.

Finger position was a fixed-effects, within-subjects variable. The two chosen levels were standard-

ized and comfortable. The standardized angles were chosen based on earlier observations in the

Berg et al. (1988) study and an informal survey of preferred angles. For measurements in which

more than one diät is llexed, only one diät was chosen for standardization because of

anthropometric limitations. These limitations existed because defined surfaces of the diäts exerted

force on defined areas of the gauge. Also, only the proximal interphalangeal joint (PIJ) was

standardized, again due to anthropometric considerations. The following angles define the stand-

ardized PU angles for each measurement: 1 (bent diät press), 150 degrees (index); 2 (hook press),

135 degrees (middle); 3 (tip pinch), 120 degrees (index); 4 (palmar pinch), 135 degrees (middle); 5

(three jaw chuck pinch), 135 degrees (middle); 6 (lateral pinch), 100 degrees (index). The subject

was able to choose all diät angles and maintained them during the comfortable level.
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Wrist position was a iixed·eii‘ects, within-subject variable. The two chosen levels were standardized

and comfortable. Standardized wrist angles were also based on observation, and the angles were

chosen as follows for each measurement: 1 and 2, 0 degrees; 3, 4, 5, and 6, 30 degrees.

Special splint·type devices were made in order to maintain the standardized finger and wrist angles.

The splints were made ofa material called thermaplast, which was heated and molded into a defined

angle. The material hardened as it cooled, and was fixed on the diät or wrist with velcro straps.

Figure 12 illustrates the splints in use, providing a 30 degree wrist angle and a 100 degree index PU

angle.

Each subject in the pilot study received 24 treatment conditions (and one Hnal measurement added

to test for reliability of the procedure). The 24 treatment conditions were balanced by first using

a Latin Square arrangement for the 6 measurement types (Table 1). Then the order of Enger po-

sition and wrist position were altemated between subjects to obtain a balanced presentation ofthese

conditions. V
The dependent variable was exerted force. The data were collected and sampled by the computer

to find a "cor1stant' (+/-15%) exertion of 3 seconds from a period of 4 seconds (not including a 1

second build-up). The mean value of this exertion was the score of exerted force (expressed in

Newtons). Ifno such constant exertion was produced, the subject rested for two minutes and then

repeated the force exertion. This process continued until a constant exertion was obtained.

Design 1

Note Because of the restrictions and lack of data for female 'skil1ed' subjects, the design actually

consisted of two designs: design 1 for 'ski11ed' and 'nonskilled' (occupational) comparison (gender

effects held constant), and design 2 for gender comparison (oceupational effects held constant).

The male "nons1cil1ed' group was the same for both designs.
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Table l. Balanced Treatment Conditions: Pilot Study

Subject

1 2 3 4 5 6

1 2 3 4 5 6

2 3 4 5 6 1

6 1 2 3 4 5

3 4 5 6 1 2

5 6 1 2 3 4

4 5 6 1 2 3

Where: treatment 1 corresponds to measurement 8

treatment 2 corresponds to measurement 14

treatment 3 corresponds to measurement 15

treatment 4 corresponds to measurement 18

treatment 5 corresponds to measurement 19

treatment 6 corresponds to measurement 20

Method ss



This design consisted of a 2x20 mixed-factor design and is illustrated in Figure 13. Gender was a

controlled variable (only males participated). It was assumed that age had no eüect on the given

force exertions though the mean age of the 'skilled’ subjects was greater than that of the 'non-

ski1led' subjects. As previously mentioned, hand and arm muscles a.re less aüected by age than are

trunk and leg muscles. In addition, age increase makes little difference in muscular capabilities if

these muscles are used frequently in strength exertions. The 'ski1led' subjects were grouped into

two different age categories, 17-37 years and 38-58 years. Each group contained five subjects. An

Analysis of Variance (ANOVA) was run to test the effect of age (a between-subjects variable) on

the strength exertions (20 per subject). The age effect was not found to be significant (p > 0.05)

and thus age was not treated as an iniluential variable.

Occupational category was a fixed-effects, between-subjects variable. Two levels were investigated:

'skilled' and 'nonskilled'. As previously mentioned, the 'skil1ed' were machine shop technicians

and the "nonskilled" college students. None of the students were part-time technicians nor did they

use heavy industrial-type tools or controls as a daily habit.

Measurement type was a fixed-effects, within-subjects variable. The 20 levels of the variable (the

chosen measurements) were discussed in a previous section. Each subject received all 20 treatment

conditions, and thus the presentation order was completely balanced using a Latin Square design

(Table 2). Subjects were not informed which measurement was next until the actual exertion.

The dependent variable was exerted force. The data were collected and sampled by the computer

to find a 'constant' (+/-15%) exertion of 2 seconds from a period of 3 seconds (not including a l

second build-up). The mean value of this exertion was the score of exerted force (expressed in

Newtons). Ifno such constant exertion was produced, the subject rested for two minutes and then

repeated the force exertion. This process continued until a constant exertion was obtained.
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Measurement Number
(Within Subjects)

1 2 3 4 5 6 ...... 20

Ocgaupatiäal Nonskilled Sl-S10 $1-810 ... ... ... ... ... Sl-S10
(Between . _
Subjects) Sklued S11 S20 S11-S20 S11-S20

Figure I3. Design matrix for design I
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Table 2. Balanced Treatment Conditions: Design l

Subject
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 —

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1

20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2

19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3

18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 ~

17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
V

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5

16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6

15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14

8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7

14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13

9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8

13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12

10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 .9
n

12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11

11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10
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Design 2

This design was a 2x20 mixed·factor design and is illustrated in Figure 14. Occupational category

was a controlled variable ('nonskilled' only). No significant differcnces existed in the ages between

the groups.

Gender was a fixed-effects, between-subjects variable with two levels (male and female). Measure-

ment type was a fixed-effects, within-subjects variable and was included in this design exactly as it

was in design 1. The Latin Square arrangement in Table 2 was also used in this design to balance

the 20 levels ofmeasurement type.

The dependent variable was exerted force and was collected in the same manner as in design 1.

Experimental Procedure

Each subject participated in one testing session in a controlled laboratory environment. The subject

first read and signed an informed consent form and biographie/physical fitness questionnaire (Ap-

pendix A). Anthropometric data were then collected on the subject. Body weight, stature, finger

length of the middle finger (fingertip to crotch level), hand length (at wrist crease), hand breadth (at

metacarpal), and forearm circumference (flexed) were collected in a standardized manner, as pro-
‘ vided by Garrett (1971) and Hertzberg (1972).

All experimental instructions to the subject were on video-tape in order to standardize the many

factors described in the literature which affect strength. The chosen exertion instruction throughout

testing was 'Exert your maximal effort (without jerk) and sustain it for 4 seconds/' Ifa subject had

a question which precluded participation if unanswered, the question was answered in a short, fac-
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Measurement Number
(Within Subjects)

1 2 3 4 5 6OOOOOCOOIOOOGender

rule Sl-S10 S1-S10 ... ... ... ... ...51-S10
(BetweenS¤bJ¢¢tS) F°"°1° S11-S20 S11-S20 ' ' ' ‘ ' ' ' ‘ ' S11—S20

Figure 14. Design matrix for design 2
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tual manner in order to provide as little motivation or extra information as possible. The subject

was provided with typed instructions to follow as they were spoken and demonstrated in the re-

cording (Appendix B). The majority of subjects watched the video-tape only, but some subjects
A

glanced at the typed instructions also.

A minimum rest period of one minute followed each exertion, and a longer period was provided if

the subject requested one. The initial exertion was a peak force handgrip measurement. The

ASHT recommended standard testing position was used for this exertion (Figure 15). This meas-

urement was made for input into the regression equations (discussed in the following section). This

was a peak score on an 'indicating' device, rather than a. time~integrated score on a 'recording"

device. All data were collected only on the dominant hand. Subjects received no quantitative

feedback during the sessions. The average session length (including paperwork) was 60 minutes.

Following the data collection, the subjects were debriefed a.nd allowed to leave.
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Figure I5. ASHT recommended testing position
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Data Analysis and Results

Pilot Study

An ANOVA was run on the average force exertion (N) over 3 seconds. These results are shown

in Table 3. The main effect ofmeasurement type was the only significant effect (p < 0.0001). The

main effect of wrist position was not found to be significant (p > 0.05), nor was the main effect

of finger position (p > 0.05). None of the interactions was found to be significant. These results

indicated that the finger and wrist positions did not necessitate standardization, and therefore no

such standardization was used in designs 1 and 2.

Table 4 includes the mean exertion (N) and total number of repeated measurements for each

treatment condition. The measurement numbers here, as well as for designs 1 and 2, correspond

to those in the Listing of Final Chosen Measurements. Many measurements were repeated during

these sessions. One subject repeated 17 times for one measurement, and many of the other meas-

urements also had numerous repeats from more than one subject. Although the majority of repeats

occurred for measurements 15 and 18, other measurements were also repeated. The number of

repeats did not increase with the presence of splints. In fact, most repeats occurred with the wrist

and finger both in the comfortable position. The wrist and finger positions significantly affected the
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Table 3. Anova for Exerted Force (3 s): Pilot Study

Source df SS F Prob

Between Subjects

Subjects (S) 5 54381.36

Within Subjects

Wrist Position (W) 1 295.78 0.71 0.4374
W x S S 2078.48

Finger Position (F) 1 73.44 2.25 0.1937

F x S 5 163.04

Measurement Type (M) 5 25924.59 13.20 0.0001

M x S 25 9893.30
W x F 1 34.30 0.99 0.3657

W x F x S 5 173.49 W
W x M 5 273.44 0.93 0.4787

W x M x S 25 1471.05

F x M 5 80.93 0.25 0.9383

F x M x S 25 1650.71

W x F x M 5 111.96 0.29 0.9160

W x F x M x S 25 1953.46

TOTAL 143 98559.33
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number of repeats (Chi·square (1) = 10.9, p < 0.01). The fewest number of repeats occurred when
1

the wrist was in a standardized position and the finger was in the comfortable position. This may

have resulted from the stabilization of the wrist such that wrist movement did not cause lack of

consistency in the exertion. The standardization of the finger, however, did not decrease the num-

ber of repeats. Perhaps standardization was so unnatural or the finger splints were so uncomfort-

able that this outweighed the stabilization effects. The main purpose in noting the effect of splints

on number of repeats was to attempt to isolate possible causes of repeated measures.

The average number of repeats was fairly high and was not signiücantly affected by the measure-

ment type at the 0.05 level (Chi-square (5) = 9.8, p > 0.05). Therefore, it appeared that the 3 sec-

ond time period was actually too long since such exertions could not be easily maintained at a

constant level over this time period. The subjects repeated an average of 52.6% of the total at-

tempted measurements. However, analysis of the collected data using a 2 second time period re-

sulted in an average of 3.85% repeated measurements. This number is biased low because it is a

percentage of total attempted measurements, and total measurements would have been lower if the

3 second criterion was not used. However, it was still clear that 52.6% repeated measurements of

total measurements was quite high, and this percentage could be decreased by changing the criterion

from a 3 second sampling period to a 2 second sampling period. The recorded average exertion

was not consistently different between the 2 second and 3 second periods, therefore decreasing the

sampling period did not appear to change the validity of the recorded value. Hence the decision

was made to decrease the sampling period from 3 to 2 seconds for designs 1 and 2. However, the

3 second interval was still checked for acceptability and the data were recorded.

The first measurement of each testing session was repeated at the end of the session. This value

was not included in any of the other analyses, but was used to test the reliability of the procedure.

The mean of the repeated measures was not found to be signiticantly different from the mean ofthe

measure using a t-test (p > 0.5). Therefore the procedure appeared to be reliable. The same

procedure and apparatus were used in designs 1 and 2.
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Table 4. Mean Exertion (N) and Repeats: Pilot Study

Measurement Finger Wrist Mean Number
Number Position Position Exertion of Repeats

8 S S 16.89 1

8 S C 17.51 4

8 C S 18.56 8

8 C C 16.89 8

14 S S 36.69 18*
14 S C 37.43 8
14 C S 40.88 1

14 C C 45.50 8
15 S S 23.36 5
15 S C 23.05 1

15 C S 22.04 13
15 C C 23.85 10
18 S S 25.96 13

18 S C 26.84 4

18 C S 22.72 13

18 C C 28.19 11

19 S S 42.96 7

19 S C 38.90 3

19 C S 45.02 5

19 C C 46.41 7

20 S S 51.81 l

20 S C 56.64 2

20 C S 59.79 9

20 C C 59.45 17

________________...1............------———————-—-——————-—--
*17 repeats from one subject
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Design 1

‘ An ANOVA was run on the average force exertion (N) over 2 seconds. These results are shown

in Table 5. The main effect of occupational category was found to be significant (p < 0.05), and

the main effect of measurement type was found to be significant (p < 0.0001). The measurement

type by occupation interaction was also found to be significant (p < 0.05). The occupational level

"ski1led" was associated with significantly higher exertions than the 'nonskilled^’ level. A Student-

Newman·Keuls test was performed for each occupational group separately, because ANOVA re-

sults showed that these two groups were significantly different in the particular strength exertions.

The results of The SNK for the occupational group "skilled" is presented in Table 6, and the

"nonskilled' results are in Table 7. In both cases, measurement 20 (lateral pinch) produced a sig-

nificantly greater exertion than the other measurements. The two lowest measurements for both

groups were measurements 11 and 12 (radial and ulnar digit presses for the index finger), but these

measurements were significantly lower than all others only for the "skilled' group. The tables also

show that for both groups, the exertions using the thumb are generally stronger than those with the

index fmger, which are stronger than those using the middle finger. The thumb poke for the skilled

males was one of the highest exertions, but was further down the list for the nonskilled males. All

other exertions followed a similar pattern between both groups.

Table 8 illustrates the mean values per exertion along with the number of measurements (2 second

average) which had to be repeated for each group (skilled and nonskilled). The skilled group re-

peated a total of 55 times (16 repeats resulted from one subject’s attempt on one measurement - this

could possibly be labeled as an outlier), and the nonskilled group repeated a total of 26 times. This

is a significant difference in number of repeats (Chi-square (1) = 10.38, p<0.0l). The biggest

problem with maintaining a constant force over 2 seconds for the skilled group (apa.rt from the 16

repeats on measurement 4) was for measurement number 11 (radial digit press, index finger). The

measurement type had a significant effect on the number of repeats for the male skilled group

(Chi-square (19) = 34.28, p < 0.02). However, the number of repeats was not significantly affected
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Table S. Anova for Exerted Force (2 s): Design l

Source df SS F Prob

Between Subjects

Occupational Category,O 1 28965.32 5.12 0.0362

S/O 18 101747.88

Within Subjects

Measurement Type,M 19 83595.02 23.72 0.0001

M x O 19 6852.06 1.94 0.0107

M x S/O 342 63438.86

TOTAL 399 284599.14
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Table 6. Student·Newman—Keuls on Exerted Force: Skilled Males

Measurement Mean SNK
Number (Newtons) Grouping ·

20 102.08 A

1 83.83 B

19 82.49 B
13 70.28 B C

7 69.60 B C
14 65.48 B C D

4 62.04 C D E

2 60.43 C D E
17 56.60 C D E F

3 55.92 C D E F
10 51.72 C D E F
18 44.88 D E F
15 44.25 D E F

5 43.56 D E F
16 41.87 E F

9 40.72 E F
6 39.71 E F

8 38.93 E F
12 36.24 F

11 35.11 F

Means with the same letter are not significantly different
from each other at p<0.05
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Table 7. Student·Newman—Keuls on Exerted Force: Nonskilled Males

Measurement Mean SNK _

Number (Newtons) Grouping

20 70.24 A

19 52.64 B

7 52.19 B

4 51.89
3

B

13 48.65 B C

1 46.66 B C D

2 44.96 B C D E

14 41.81 B C D E F

3 41.28 B C D E F

5 36.06 C D E F G

10 34.96 C D E F G

17 33.22 D E F G

8 32.57 D E F G

15 32.15 D E F G

6 31.24 D E F G

9 29.67 E F G

18 29.66 E F G

16 26.41 F G

11 25.73 F G

12 23.39 G

Means with the same letter are not significantly different
from each other at p<0.05.
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Table 8. Mean Exertion (N) and Repeats: Design
l‘

Measurement Skilled Males: Nonskilled Malesz
Number Mean (Repeats) Mean (Repeats)

1 83.83 (0) 46.66 (1)

2 60.43 (0) 44.96 (2)

3 55.92 (5) 41.28 (1)

4 62.04 (19)* 51.89 (0)

5 43.56 (2) 36.06 (5)

6 39.71 (2) 31.24 (1)

7 69.60 (2) 52.19 (0)

8 38.93 (0) 32.57 (1)

9 40.72 (0) 29.67 (1)

10 51.72 (1) 34.96 (0)

11 35.11 (8) 25.73 (1)

12 36.24 (0) 23.39 (0)

13 70.28 (1) 48.65 (0)

14 65.48 (3) 41.81 (3)

L 15 44.25 (3) 32.15 (3)

16 41.87 (6) 26.41 (1)

17 56.60 (0) 33.22 (1)

18 44.88 (3) 29.66 (3)

19 82.49 (0) 52.64 (0)

20 102.08 (0) 70.24 (2)

*16 repeats from one subject
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by the measurement type for the male nonskilled group (Chi-square (19) = 18.42, p > 0.1). Thus

no particular measurement presented ditiiculty in consistency for this group.

As previously mentioned, although a 2 second time period was used to obtain mean exertion scores

for designs 1 and 2, data on a 3 second period were also collected. This information was gathered

in order to evaluate the decision to change the criterion from 3 to 2 seconds. Table 9 illustrates the

results of these data. lt includes the percentage of total measurements (10 per subject) which would

have passed the +/-15% criterion over a 3 second time period. The total percentage of scores ac-

ceptable under the 3 second criterion was less for the skilled males (45.5%) than it was for the

nonskilled males (60.5%). Note that these percentages actually should have been a bit smaller, be-

cause the repeats necessary for the 2 second period were likely to also be repeats for a 3 second

period, but were not included in this table. The percentage of measurements here is based only on

the measurements which were acceptable under the 2 second criterion. The same exertion values

were simply reevaluated under a 3 second criterion.

The percentages ofmeasurements acceptable over a 3 second period were fairly low considering the

fact that they were probably biased upward. Some percentages for the skilled group were as low

as 10 and 20%. The lowest percentage for both groups occurred for measurement number 16,

which is the tip pinch (thumb opposing middle fmger). This measurement was not repeated as

often under the 2 second criterion. The skilled group also had diüiculty maintaining a constant

exertion over 3 seconds for measurements 1 (thumb poke) and 14 (hook press, middle finger).

Again, these exertions were not problem areas for the group under the 2 second criterion. The

highest percentage of acceptable measurements for 3 seconds was 80% for both groups. This per-

centage occurred for the skilled group on measurement 20 (lateral pinch), and for the nonskilled

group on measurements 2 (index finger poke), 7 (bent digit press, thumb), and 13 (hook press, in-

dex). These measurements also produced a negligible number of repeats under the 2 second crite-

rion. It is apparent that differences exist between the two groups in which measurements are more

likely to facilitate a 'constant" exertion, and which are not.
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Table 9. Percentage of Exertions Acceptable for 3 Seconds: Design l

Measurement Skilled Males: Nonskilled Malesz
Number % Acceptable % Acceptable

1 20 50

2 60 80

3 60 70

4 60 50

5 60 70

6 40 40
7 40 80

8 50 70

9 40 60

10 30 60

11 50 70

12 40 70

13 70 80

14 20 70

15 30 40

16 10 40

17 20 50

18 80 50

19 50 50

20 80 60
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The average angles chosen for the digits and wrist are presented in Table 10. These values are only

for the measurements in which a digit is bent - all other measurements define a PU of 180 degrees

for the tested digit, except the lateral pinch (measurement 20), in which the angle of the tested digit

was very difficult to estimate. The average angles chosen closely resembled the standardized angles

chosen in the pilot study (see description of experimental design). The only large difference was for

measurement number 8 (bent digit press, index fmger), in which the chosen average angle was l3l

degrees and the splint was constructed to be 150 degrees. So that the subject was not disturbed

during exertion, the average chosen angles were only observed and estimated, not directly measured,

and therefore there was much room for error in these values. The chosen wrist angles were all very

close to the standardized wrist angles for the pinches, 30 degrees dorsiflexion. Although this was

also a difficult angle to observe and estirnate, it was very close to the original chosen standardized

wrist angle.

The regression analysis was performed using the statistical package called ALLPRESS, which was

developed by the Virginia Polytechnic Institute and State University statistics department. The goal

of the regression analysis was to recommend models which "best' predicted the strength values of

each of the measurement types using any number of the following variables: grip strength, hand

length, hand breadth, finger length, forearm circumference, height, and weight. These data were

collected as described in the experimental procedure. Selection of the models (of the possible 128

models per dependent variable) was based largely on the statistical values 'PRESS' and ’Cp'. The

'PRESS' statistic is a set of errors (residuals) in which the prediction (fitted value) is independent

of the actual observation there. Thus the observation at a point is pulled out ofthe analysis in order

to obtain the fitted value there. The result of using this statistic is that the observation is not used

both for fit and for model validation. lf the data point is not a particularly good measurement,

then, it does not throw off the overall regression at that point. The 'Cp’ statistic is designed to

estimate a function of the variance and bias of a fitted value. The obtained model can be revealed

as an underfit or an overfit by looking at its Cp statistic. lf Cp is greater than the total number of

parameters, p, in the regression equation (including the intercept), then the model is an underfit (the
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Table 10. Approximate Average Angles (degrees): Design 1

Measurement Digit Wrist
Number Angle (digit) Angle

7 128 (thumb) 0
8 131 (index) 0

· 9 125 (middle) 0
13 136 (index) 0
14 139 (middle) 0
15 132 (index) 28
16 128 (middle) 28
17 145 (index) 27
18 137 (middle) 28
19 137 (middle) 29
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model is short and the expected mean square is inflated). If Cp is much less than p for a short

model, then the full model (all parameters included) is an overfit. Ohen the Cp statistic is negative.

This results from having a poorly predictive full model (the model including all independent vari-

ables). The Cp statistic uses an estimated variance which is obtained from the s-square of the hill

model. When the full model is a poor predictor, the bias of Cp becomes negative because the s-

square from the full model is greater than the s-square for the model which is being evaluated. Thus

a negative Cp value results. Both the "PRESS' and 'Cp” statistics should be small for the best
A

models. The coetlicient of multiple determination, R-square, was also calculated for the models.

This statistic is the proportion of variance in the response data which is accounted for by the re-

gression model. The R-square statistic should not be the only means ofmodel comparison, because

additional model variables will increase (or at least not decrease) its value. Thus, even if the model

is an overtit, the R-square value of that model may be higher than that of a smaller model.

Table ll contains the results of the regression analysis for the skilled group. Because the SNK

analysis grouped together measurements among which no signiiicant diüerences existed, these

groups were used as the different dependent variables. According to the results of the SNK analysis,

the measurements within each group (I, Il, III, and IV) are not signiiicantly different, and so the

values of measurements for each group were averaged as the values for the dependent variables.

For Group Il, for example, the average value of measurements l, 7, 13, 14, and l9 was input into

the regressiou analysis as the dependent variable (AVG) for each subject. Any of these tive par-

ticular measurements could then be predicted by using the obtained regression equation.

The model for Group I (skilled males) was the best model according to the PRESS, Cp, and MSE

(mean square error) statistics. All of these values were smallest for this model. The R-square value

was 0.88, and the model was not an overfit. For Group II (skilled males), the PRESS and Cp did

not both indicate the same model as "best." This indicated that collinearity existed·between some

of the 'independent' variables (the models were overlits). Therefore, the model was chosen which

had the lower Cp value. Although this model had a larger PRESS value than the other top model,

it was a shorter model and therefore the possibility of an overtit was minimized. The PRESS sta-
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Table ll. Regression Analysis: Skilled Mules

Group of Regression Press cp
Measurements Equation Value Value

1 Ave:-351.09 + 7.23 HL 480-89 0-85
+ 21.96 HB + 3.69 FC

II Avc= - 900.36 - 2.78 6 1937-86 2-58
+ 11.98 HL + 44.39 FC - 6.19 WT

III AVG=-228.23 + 33.29 FL 2976-05 -2-77
IV AVG=-154.23 - 1.44 6 + 9.37 111. 2745-18 6-85

- 21.76 HB + 24.77 FC
— 1.49 HT - 2.86 WT

Where Group I includes measurement 20
Group II includes measurements 1, 7, 13, 14, 19
Group III includes measurements 2, 3, 4, 5, 6, 8, 9, 10, 15,

16, 17, 18
Group IV includes measurements 11, 12

G = grip strength (kg)
HL = hand length (cm)
HB = hand breadth (cm)
FC = forearm circumference (cm)
FL = finger length (cm)
HT = height (cm)
WT = weight (kg)
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tistic was higher for the shorter model (1937.86), but it was not much different from that of the

longer model. The R-square value of this model was 0.81. This fairly high value may be partly

due to collinearity of regressor variables. None of the models for Group III (skilled males) were

good predictors. This was apparent because the model with no independent variables (only an in-

tercept) was among the top five models according to the PRESS statistic. Most models resulted

in a negative Cp value, indicating that the full model (all seven independent variables included) was

a poor predictor. The regression equation in Table ll for Group III was the best choice, but it

was still not a good predictor of this average value, as demonstrated by the large PRESS value.

The R-square value for this model was low (0.29), indicating that the regression equation accounted

for only 29% of the variance in the response data. Other models produced slightly higher R-square

valus (up to 0.5), but were overfits, as evidenced by their Cp values. The model chosen for Group

IV (skilled males) was a large model, because all other models which were good according to the

PRESS statistic were underfits (Cp > p) and the EMS was biased. Therefore the model was

chosen which included enough coefficients and was not an underfit. The R~square value for this

model was fairly high (0.88).

Table 12 provides the results of the regression analysis for the nonskilled males group. The SNK

analysis of measurement types provided three different groups of measurements within which there

were no signiiicant differences. Group I (nonskilled males) included only measurement 20. The

majority of Cp values for all models were negative, indicating a poor prediction from the full model.

The model including no independent variables was one of the top ten models according to the

PRESS statistic. Therefore none of the models were particularly good predictors. The choice of

models was made on the basis of the PRESS and Cp statistics. Both values indicated the given

model as the predictor of the average for this group (measurement 20). The R-square value for this

model was low (0.27). The other models with higher R-square values were overfits. The next

group of measurements, Group II (nonskilled males) was not well predicted by any of the possible

models. The top model according to the PRESS statistic was, in fact, the model including only an

intercept. Because this model was obviously an underiit, the model with the next lowest value of
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Table I2. Regression Analysis: Nonsldlled Males

Group of Regression Press Cp .
Measurements Equation Value Value

I AVG= -366.75 + 49.88 HB 4757.00 -1.86
II AVG= 209.95 - 5.63 FC 5821.1 -3.60

III AVG= 61.41 — 0.42 WT 1716.29 -3.71

Where Group 1 includes measurement 20
Group II includes measurements 1, 2, 3, 4, 7, 13, 14,

19
Group III includes measurements 5, 6, 8, 9, 10, 11, 12,

15, 16, 17, 18

HB = hand breadth (cm)
FC = forearm circumference (cm)
WT = weight (kg)
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PRESS was chosen. This model is not, however, a very useful one, as is evidenced by the large

PRESS value. The R-square value for this model was very low (0.07). The values of this statistic

were no higher than 0.2 for any model. The regression on Group III (nonskilled males) produced

statistics similar to those of Group II. The top model according to PRESS was again the model

with only intercept. The top models all had negative Cp values, indicating a poorly predictive full

model. The second model (next to lowest PRESS value) was chosen. Although the PRESS value

was much lower than that of the model for Group I1, it still was not a good predictor, as evidenced

by the lower PRESS for the model with only intercept. A very small proportion of the response

data variance was accounted for in this model (R~square = 0.06), and R·square was never greater

than 0.2 for any of the possible models.

Design 2

An ANOVA was run on the average force exertion (N) over 2 seconds. These results are shown

in Table 13. The main effect of gender was found to be significant (p < 0.05), and the main effect

of measurement type was found to be significant (p < 0.0001). The measurement type by gender

interaction was also found to be significant (p < 0.05). The males produced significantly higher

force exertions than the females. A Student-Newman-Keuls test was performed for each gender

separately, because ANOVA results showed that these two groups were significantly different in the

particular strength exertions. The results of the SNK for the females are presented in Table 14, and

the male group SNK groupings were presented earlier in Table 7. For both males and females,

measurement 20 (lateral pinch) produced a significantly greater exertion than the other measure-

ments. For the female group, measurement 19 also produced significantly different exertions than

any other measurements (lower than 20, but higher than any of the others). The lowest exertion

for the male group was for measurement 12 (ulnar digit press, index finger), but for the females four

other measurements were lower than measurement 12. However, measurement 12 was included in

the group of six lowest exertions between which no significant differences existed. The order from
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Table I3. Anova for Exerted Force (2 s): Design 2

Source df SS F Prob

Between Subjects

Gender,G 1 17265.17 5.57 0.0298

S/G 18 55835.08

Within Subjects

Measurement Type,M 19 37970.95 23.50 0.0001

M x G 19 4476.86 2.77 0.0001

M x S/G 342 29080.59

TOTAL 399 144628.65
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Table 14. Student-Newman·Keuls on Exerted Force: Nonskilled Females

Measurement „ Mean SNK
Number (Newtons) Grouping

20 53.21 A
19 43.24 B

1 32.40 C
7 30.26 C D

13 29.97 C D
17 29.72 C D
15 27.20 C D E
18 26.57 C D E

4 26.48 C D E

14 26.31 C D E

2 25.42 C D E
3 21.53 D E

16 21.48 D E

11 21.26 D E

5 18.68 E

12 18.58 E

6 17.92 E

9 17.69 E

10 17.47 E

8 17.18 E

Means with the same letter are not significantly different
from each other at p<0.05.
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highest to lowest mean was not identical for the two groups, but was similar. Measurements 20

(lateral pinch) and 19 (three jaw chuck pinch) produced the highest exertions for the females, and

all other measurements produced very close strength values. The males also produced stronger

exertions using measurements 20 and 19, but the values for other measurements were not compar-

atively as low from 19 and 20 as they were for the females.

Table 15 includes the mean values and number of repeated exertions (2 second average) per meas-

urement type for both the males and females. The males repeated a total of 26 times and the fe-

males repeated 24 times. Thus the number of repeats was not significantly aifected by gender

(Chi-square (1) = 0.08, p > 0.7). The females had the most repeats on measurement 16 (tip pinch,

thumb opposing middle finger), and the males repeated measurement 5 most ohen (straight diät

press, index finger). However, neither case included significant differences in number of repeats for

different measurements (males: Chi-square (19) = 18.42, p > 0.1; females: Chi-square (19) = 23.44,

p > 0.1). The repeated exertions were uniform among all measurement types for both groups.

Table 16 presents the data collected on 3 second time periods (although a 2 second period was used

as the criterion). The total percentages of acceptable exertions over 3 seconds (out of the total

number accepted over 2 seconds) were very close for males and females. The total recorded
Ü

measurements for the females were acceptable 69.5% of the time according to the 3 second crite-

rion, and for the males, 60.5% of the recorded measurements also passed under the 3 second cri-

terion. As noted in the analysis of design 1, these numbers are slightly biased upwards because the

3 second analysis was performed only when the measurement met the 2 second criterion. The

values for the males and females were never less than 40%. Both äoups exhibited this low per-

oentage for measurement number 16 (tip pinch, thumb opposing middle finger), which was also the

measurement with the largest number of repeats for the females under the 2 second criterion. The

male group did not have this problem with the measurement under the 2 second criterion. Thus

it appears that males had diäculty maintaining this exertion over 3 seconds, while the females had

some difliculty maintaining the exertion for 2 seconds or more. The largest percentages for the

males occurred for measurements 2 (index finger poke), 7 (bent diät press, thumb) and 13 (hook
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Table I5. Mean Exertion (N) and Repeats: Design 2

Measurement Nonskilled Males: Nonskilled Femalesz
Number Mean (Repeats) Mean (Repeats)

1 46.66 (1) 32.40 (2)

2 44.96 (2) 25.42 (0)

3 41.28 (1) 21.53 (0)

4 51.89 (0) 26.48 (0)

5 36.06 (5) 18.68 (0)

6 31.24 (1) 17.92 (4)

7 52.19 (0) 30.26 (0)

8 32.57 (1) 17.18 (2)

9 29.67 (1) 17.69 (0)

10 34.96 (0) 17.47 (3)

11 25.73 (1) 21.26 (1)

12 23.39 (0) 18.58 (0)

13 48.65 (0) 29.97 (1)

14 41.81 (3) 26.31 (2)

15 32.15 (3) 27.20 (1)

16 26.41 (1) 21.48 (5)

17 33.22 (1) 29.72 (2)

18 29.66 (3) 26.57 (1)

19 52.64 (0) 43.24 (0)

20 70.24 (2) 53.21 (0)
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Table l6. Percentage of Exertions Acceptable for 3 Seconds: Design 2

Measurement Nonski 1 led Females : Nonskil led Males :
Number % Acceptable % Acceptab1e

1 50 50

2 60 80

3 60 70

4 80 50

5 90 70

6 90 40

7 90 80

8 60 70

9 70 60

10 70 60

11 80 70

12 70 70

13 70 80

14 60 70

15 50 40

16 40 40

17 70 50

18 90 50

19 80 50

20 60 60
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press, index) (80%). For the females measurements 5 (straight digit press, index), 6 (straight digit

press, middle), 7 (bent digit press, thumb) and 18 (palmar pinch, thumb and middle finger)

produced the largest percentages (90%). Thus measurement 7 was an exertion which both groups

could most easily maintain over 3 seconds. All values were high for the female group, indicating

that their force exertions (although lower than the males) were held slightly more constant.

The average angles chosen for the digits and wrist are presented in Table 17. These values were .

very closely related to the values chosen in design 1 (note that half of the data were also present in

design 1, that of the nonskilled males). Therefore the values were also close to the standardized

angles for the splints chosen in the pilot study. The chosen wrist angles decreased only slightly for

this design, indicating that the females preferred just slightly less dorsiflexion for the pinches than

the skilled males.

The regression analysis was performed in the same manner as in design 1. The results for the male

nonskilled group regression analysis was discussed in the previous section under design 1.

Table 18 includes the results of the regression analysis for the female nonskilled group. The SNK

analysis resulted in four groups of like measurements, so four different analyses were performed on

these groups. Group 1 (nonskilled females) included measurement 20 only. The value of Cp for

all models was larger than the p value for the specific model (except for the full model, where Cp

is always equal to p). Therefore all models were underlits (they were short, and the independent

variables were not adequate to predict the criterion). The EMS for all of the models was inflated.

The model presented in Table 18 was the "best' of the possible models tested according to PRESS

and Cp values, but it was still a short model. The R-square value for this model was 0.91.

Therefore, a large proportion of the variance in the data was accounted for by the model. Group

II (nonskilled females) included measurement 19 only. Three regression models produced similar

PRESS and Cp values. The Cp values were negative (the full model was not a good predictor).

The PRESS and Cp values did not indicate identical ordering of top models, thus collinearity ex-

isted between the independent variables. One of the top 3 models included hand breadth and
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Table 17, Appmxilnate Average Angles (degrees): Design 2

Measurement Digit Wrist
Number Angle (digit) Angle

7 124 (thumb) 0
8 137 (index) 0
9 130 (middle) 0

13 134 (index) 0
14 144 (middle) 0
15 129 (index) 27
16 126 (middle) 27
17 143 (index) 28
18 133 (middle) 28
19 140 (middle) 28
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Table 18. Regression Analysis: Nonskilled Females

Group of Regression Press Cp
Measurements Equation Value Value

I AVG= 818.31 + 1.97 G 921.64 10.79
+ 49.97 HL - 88.75 FL

- 24.61 FC - 3.35 HT + 2.56 WT

II AVG= 253.75 - 27.30 HB 1795.20 -2.10

III AVG= 214.41 + 1.62 G 311.73 4.92
- 36.57 HB — 4.93 FC
+ 0.78 HT + 0.93 WT

IV AVG= 372.29 + 0.85 G 218.35 8.00
+ 24.06 HL - 32.35 FL - 11.20 HB
- 13.84 FC - 1.38 HT + 1.82 WT

Where Group I includes measurement 20
Group II includes measurement 19
Group III includes measurements 1, 2, 4, 7, 13, 14, 15,

17 18
Group IV includes measurements 3, 5, 6, 8, 9, 10, 11,

12, 16
G = grip strength (kg)

HL = hand length (cm)
FL = finger length (cm)
FC = forearm circumference (cm)
HB = hand breadth (cm)
HT = height (cm)
WT = weight (kg)
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height, but the Cp was no lower than the other 2 models, which included only one variable each

(hand breadth for one, grip for the other). 'I'hus the model with 2 variables did not provide any

added information by adding the extra variable and it was rejected. The final model was then

chosen based on the PRESS values since the Cp values were very close for these 2 final models.

The R·square value was low (0.27). Models with higher values of R-square (though never greater

than 0.5) were overfits. Group III (nonskilled females) produced a regression equation which was

a good predictor according to PRESS and Cp. Both statistics indicated the same model as the best

fit, and both values were relatively low. The R-square value for this model was 0.93. All regression

models for Group IV (nonskilled females) were underfits (Cp was large), and there were no negative

Cp values. This indicated that the full model was a fairly good predictor. In fact, the full model

produced the fourth lowest PRESS value out of 128 possible models. Therefore this model was

chosen as the best predictor of Group IV average force exertions for nonskilled females. The R-

square value for this model was very high (0.99). However, the PRESS and Cp values did not in-

dicate the same 'best^’ models, signifying that collinearity was present among the independent

variables. This tends to inllate the value of R-square without adding any predictive power.

Nonetheless, the value of R-square was very high, and the PRESS value was comparatively low.
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Discussion

Pilot Study

The screening study which led into the pilot study detexmined that the ring and little fingers were

not able to exert a "steady’ force as defined by the +/-15%, 2 second criterion. This also indicates

that tools and controls should not be designed such that these two digits have to maintain sub-

stantial amounts of force as defined by this criterion. Thus if data collection is made for these fin-

gers, a more appropriate criterion must e developed. These fingers are usually used as support for

the other digits rather than as force producers. However, this may be a result of a lack of training

from lack of usage. In the future, some applications may require force production by these two

fingers. Thus further research would be useful in the determination of a criterion which properly

describes the ability of these fingers.

The results of the pilot study showed that the finger and wrist positions do not need standardization

for data collection of strength exertions. This makes it easier to justify applying the collected data

to real world settings, where such standardization is not used in performing everyday tasks. A1-

though the standardized angles chosen may not have been optimal for force production, they were

very close to those chosen in designs 1 and 2, and therefore should approximate a natural chosen
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position. In future studies, electric goniometers should be used if finger and wrist standardization

are tested further. This would provide a more exact measure of the various angles.

The pilot study also demonstrated the inadequacy of the 3 second time period as a 'constant' force

criterion. Because so many repeated measures occurred in the pilot study, the final decision was

to change this criterion from 3 seconds to 2 seconds. Thus the final 'Caldwell Regimen' recom-

mended for finger strength testing included the +/-15% criterion and the 2 second criterion. A

'constant^' force is defined as one which is always within +/-15% of the running average over a 2

second time period.

Design 1

This study showed that persons in dih“erent occupational levels, defined as "skilled' and 'non-

skilled', produce significantly different force exertions for a variety of force rneasurements of the

fingers. The 'skil1ed' group produced larger force exertions for all 20 measurements taken. Because

the 'skilled' group was defined as those who used industrial·type tools and controls daily, it may

be assumed that such usage increases the strength of the digits which operate these tools and con-

trols. Therefore data collected on 'nonski1led' subjects (chen the case in a university setting, where

students are chen tested) cannot always be applied to the design of tools and controls which

'skilled' type persons will be using. Although the skilled group would generally be able to exert

enough force to operate a device designed specifically for nonskilled users, if the device is not strong

enough to withstand the maximum outputs of the skilled group, breakage may result. All limiting

factors of the device as well as the users should be considered, and different design criteria should

be applied to tools and controls which will be used in industrial settings and those used in non-
”

industrial settings. This is a clear example of the need for recognizing and designing for the user

population.
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The 'skilled' group also produced forces which were less "steady" (more repeats were produced).

Thus when designing for this group, requirements for force steadiness in control or tool operation

should be less than for the "nonskilled' user population. Although the 'skilled' subjects were

stronger, they were also less apt to be able to maintain a constant force. It is possible that the

'skilled" subjects were actually exerting a larger percentage of their maximum force capabilities.

This cannot be deterrnined for the present study. However, if it is true, the data support the
i

statement discussed in the Literature Review section that a larger percentage of maximum force

cannot be maintained as long as a lower percentage of maximum.

The different measurement types also resulted in signiiicantly different strength exertions. The im-

plication of this tinding is that the measurement types which produced the larger force exertions for

a group should be used as the basis of control design for that group when maximum strength is

important. For both the skilled and nonskilled males, the strongest force exertion occurred under

measurement 20 (lateral pinch). The differences between the two groups is important if the thumb

poke, for example, is to be used. This was a strong exertion for the skilled males, but not relatively

high for the nonskilled males. Thus it should be considered in designs for industrial applications,

but probably not in non·industrial situations. Also, any training task which included use of the

hands or tingers should emphasize the stronger exertions. Exertions grouped together using the

SNK analysis could be substituted for each other as bases for tool and control design.

The regression analyses for the skilled male group produced three fairly good prediction equations

(those for Groups l, II, and IV). Each equation includes three or more independent variables, and

all equations include the variables hand length and forearm circumference. However, the average

force exertions for the nonskilled males were not adequately predicted using the anthropometric

measurements of the group.
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Design 2

This study indicated that males have significantly greater strength exertion ability when using the

fingers than females. This result is not surprising, and again indicates the importance of collecting

data on the intended user group, and only applying the data to that group when necessary. The

difference in these exertions for males and females is important to remember in the design of con-

sumer tools and controls. If females as well as males are expected to use a control, the force re-

quirements must not be based on the ability ofmale subjects. The strongest exertion for the female

group was measurement 20, as it was for both of the male groups. Therefore, this exertion can be

a good basis for design for all three groups tested if maximums are required.

Neither group appeared to be able to exert a steadier force than the other. Both groups exhibited

fairly good ability in maintaining a constant force. Therefore, the amoun.t ofstrength required from

the user population should be different for males and females, but the required 'steadiness' of ex-

ertions should not.

The regression analysis for the nonskilled males was the same in this design as in design 1 (the re-

gression equations were not good predictors). The analyses for the nonskilled females produced

three useful prediction equations (those for Groups I, III, and IV). Each equation includes at least

five independent variables, and the variables gzip strength, forearm circumference, height, and

weight are included in all three equations.
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Conclusion

The results of this study can be summarized as follows:

•
It is not necessary to standardize wrist and finger angles in an isometric strength testing pro-

cedure for the digits.

•
The criteria for an isometric exertion for such testing should be a force exertion which does

not fall outside of a +/-15% bandwidth over a 2 second time period.

•
Exertions which utilize the ring or little tingers should not be included in the standardized data

collection protocol which includes the +/-15%, 2 second criterion.

• Strength exertions which are transmitted by the fingers are higher for males categorized as

"skilled' than for those categorized as 'nonskilled". This applies only to the 20 exertion types

measured.

• Strength exertions which are transmitted by the tingers are higher for males categorized as

"nonskilled' than for females categorized as 'nonskilled'. This applies only to the 20 exertion

types measured.
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• Some collinearity may exist between the anthropometric measurements used to predict the 20

strength exertions. However, in general they produce good regression equations for two of the

tested groups: skilled males and nonskilled females.

The results of this study supply recommendations for the future collection of similar data. A

standardized protocol is offered, but further research should be carried out to refine this protocol.

The modified 'Caldwell Regimen' should be retested and verified. The protocol should also be

modified, if possible, for testing exertions of the ring and little fingers. The sampling rate of the

analog-to·digital converter card should also be investigated to fmd the 'optimal' sampling rate.

This could alfect the likelihood that the exertions would pass the criteria. A method should also

be devised to more accurately monitor the elbow angle during testing without interfering with the

subject at all. The regression equations which were produced should also be verified through fur-

ther data collection.
V

Although many measurements were made on each subject, the total number of subjects was not

particularly large, and collection using larger sample sizes would be desirable. Data collection

should be carried out on a group of 'skilled' females. Data are especially lacking for both elderly

subject groups and children. Because it was shown that data collected on some groups should not

necessarily be applied to other user populations, a broad data base for all groups of interest should

be built. All subjects in this study were healthy, but data should also be collected on subjects who

are ill or injured in order to design properly for them.

It may be useful to collect data on the non·dominant hand as well to design for important

ambidexterous tasks. It would also be helpful in frnding out ifboth hands are generally able to exert

comparable strength. This is unknown, and should be well researched. For each subject, only one

exertion value per measurement was recorded, and it would be beneficial to collect a number of

repeated values and obtain an average in further data collection. However, an important concem

in strength testing is fatigue. Appropriate rest periods should always be provided.
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Finally, because the world is not a static one, further research is necessary on dynamic strength

testing, including strength applied by the digits. The data collected in this study may not be very

useful in the study of dynamic tasks, and therefore data on dynamic exertions should bc collected.

Data bases on static exertions may serve as a useful background for dynamic strength testing re~

search. However, it is extremely hard (if not impossible) to predict a subject’s dynamic strength

ability based on static force measurements. Thereforc, strength testing research, both static and

dynamic, on all levels must continue to grow.
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Protocol ERGLAB 1987 Date: 15 Jan. 1987

CONSERT FORM

I, , am participating In this
research study because I want to. The decision to participate Is completely
voluntary on my part. Nb one has coerced or Intimidated me to particlpate.

V
has adequately answered any and all questions I have

asked about this study, my participation, and the procedures involved, which
are described In the attachment to this consent form, which I have Inittalled.

I understand that the Principal Investigator or au assistant will be
available to answer any questions concerning procedures throughout this study.
I understand that If significant new findings develop during the course of
this research which may relate to my decision to continue participation, I
will be informed. I further understand that I may withdraw this consent at
any time and discontinue further participation in this study without prejudice
to my entltlements. I also understand that the Principal Investlgator, an
assistant, or a medical consultant for this study may terminate my
participation in this study If he or she feels this to be In my best interest.
I may be required to undergo certain further examinations, If they are
necessary for my health and/br well—beIng.

I do not have any disorders of my cardiovascular system, of my spinal column
(particularly In the low back) or any other disorders or deficiencies, which
make lt unadvisable for me to participate as a subject In these experiments.

I understand that In the case of physical Injury no medical treatment or
compensation are offered under the research program, or by VA Tech·VPI.

I understand that I will not be paid for my participation In this experiment.

I understand that the results of my efforts will be recorded and that I may be
photographed, filmed, or audio/videotaped. I consent to the use of this
Information for scientific or training purposes and understand that any
records of my participation In this study may be disclosed only according to
federal law, including the Federal Privacy Act, and its Implementing
regulations. This means that personal Information will not be released to an
unauthorized third party without my permission.

I FULLY UNDERSTAND THAT I AM MAKING A DECISION WHETHER OR NOT TO PARTICIPATE.
MY SIGNATURE INDICATES THAT I HAVE DECIDED TO PARTICIPATE UNDER THE CONDITIONS
DESCRIBED ABOVE.

Volunteer Signature and Social Security Number ° Date

Signature of Witness
Q

Date
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Protocol ERGLAB 1987 Date: 15 Jan. 1987

ATTACMBNT TO CONSENT FORM

You are tnvited to particlpate as a subject in an experiment co measure
physical strength and endurance. The strength data gathered tn this study
will be compared to similar data gathered on other subjects, created
statistically, and reported. The data will be used to design work tasks,
equipment, controls or tools so that everyone who might be required to operate
them can do so. .

As a test subject, you will be asked co exert a force on an instrumented
handle and to hold that force for a certain period of time. The force exerted
on the handle is converted into signals which are recorded. You will be asked
co exert a force as large as possible without injury.

The experimenter has no control over the magnitude of your exertion. You must
be the judge of how much force to exert in a given situation without risking
injury. You are hereby instructed not to exert a force great enough to cause

injury. There is a mandatory test period after each exertion. You may have
additional rest whenever you desire.

You should be aware that overexertion can cause a strain or pulled mscle.
Straining activities, such as this experiment, will contribute to increased
risk, e.g., if you have a predisposition to hernia. It is probable that you
will experience temporary muscle soreness, or fatigue, aa a result of
participation in this experiment.

Your signature indicates consent to be photographed, filmed or videocaped to
document the research.

Before your use as a test subject, you must inform the principal investigator

and/or project physiclan of any change to your physical status. This
information will include any medicacion taken and any medical or dental
care/treatment received since your last use as a test subject.

If you have any questions, we expect you to ask us. If you have additional
questions later, we will be happy to answer chem. Dr.Kroemer can be called at
(703) 961-5677 during business hours to answer questions.

YOU WILL BE GIVEN A COPY OF THIS FORM TO KEEP.

Subject's Initials:
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Physical Fitness Questionnaire

Subject's Name: S.S.No.:

Address:

Telephonezg ) Sex: Date of Birth:

Which best describes your current physical condition? (circle one):

Poor Fair Good Excellent

Describe your current physical exercises:
Sports(name): : hours per week

: hours per week
Other: : hours per week

: hours per week

Do you use industrial-type tools/heavy equipment regularly (daily at
work or at home)? (circle one): yes no

Please list any other regular activities which require extensive use·
of your hands/fingers:

Please indicate all of the following conditions which you have
experienced:
back injury joint dislocation
back pain (last 6 months) broken bones
back pain (prior to last 6 months) hernia

Are you currently taking any drugs/medication?
If yes, please explain:

Do you now have or have ever had any physical impairment, injury,
or illness which might be aggravated by physical activity or by
participation in this experiment? (circle one): yes no

Remarks:

SEBject's signature and date
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Force Measurement Study
l W

V

1. Introduction

This study concerns the measurement of isometric forces
transmitted by the fingers. Your performance on a variety of

exertions will be measured. Before beginning, you will read and
complete a consent form and a questionnaire. Then your height,

weight, finger length, hand length, hand breadth, and forearm

circumference will be measured and recorded. Your age and gender _

will also be recorded.

There will be a total of 21 strength measurements unless some

measurements must be repeated because of certain predetermined

standards. You will be allowed to rest between each measurement.

If you need more time to rest, tell the experimenter and

additional time will be provided.

If you have no questions, please tell the experimenter you

are ready for part 2.

j
2. Consent Form and Questionnaire

3. Collection of Anthropometric Data

4. Instructions for Measurements (taped)

For all measurements, the upper arm is relaxed and held

parallel to the side of the body. The elbow is bent at a 90

degree angle. The back is supported by the chair, and the feet

are flat on the footrest. For some measurements, you will be able

to choose the most comfortable wrist angle or finger angle, and

for other measurements these angles will be standardized. You

will be told before each measurement which is the case. You will

wear a splint-type device on the joint if it is to be at a

standardized angle. Maintain the standardized angle throughout

the exertion._

For each measurement, you will exert your maximal effort

(without jerk) for 4 seconds. It is important to exert a maximal

force which can be held constant over the time period. You will

hear this beep (*) when the 4 second period is over. Be certain

to exert force only on the indicated surfaces of the gauge.
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Force Measurement Study

4. Instructions for Measurements (taped), cont.

1,2,3. Poke (thumb, index finger, middle finger):

The forearm and wrist are in a position such that the palm is ·
down. Force is exerted at the fingertip (such that the
fingernail does not interfere with or support the force
exertion). Force is exerted in line with the tested digit. The
remaining fingers are bent and separated.

Place your finger on the gauge as directed. If you have any
questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

4. Straight digit press (thumb):

The forearm and wrist are in a position such that the palm is
inward, toward the body. Force is exerted at the pad of the
thumb, perpendicular to the thumb pad. The remaining fingers are

_ straight and separated.
Place your finger on the gauge as directed. If you have any

questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

5,6. Straight digit press (index finger, middle finger):

The forearm and wrist are in a position such that the palm is
down. Force is exerted at the pad of the tested finger,
perpendicular to the finger pad. The remaining fingers are .

straight and separated.
Place your finger on the gauge as directed. If you have any

questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

7. Bent digit press (thumb):

The forearm and wrist are in a position such that the palm is
inward, toward the body. Force is exerted at the pad of the
thumb, perpendicular to the pad. The remaining fingers are bent
and separated.

Place your thumb on the gauge as directed. If you have any
questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.
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Force Measurement Study

4. Instructions for Measurements (taped), cont.

8,9. Bent digit press (index finger, middle finger):

The forearm and wrist are in a position such that the palm is
down. Force is exerted at the fingertip (such that the
fingernail does not interfere with or support the force
exertion). Force is exerted downward, perpendicular to the
proximal phalanx of the tested finger. The remaining fingers are
bent and separated.

Place your finger on the gauge as directed. If you have any
questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

10. Lateral digit press (thumb):

The forearm and wrist are in a position such that the palm is
down. Force is exerted at the palmar aspect of the
interphalangeal joint of the thumb, perpendicular to the bony

· joint. The remaining fingers are bent and separated.
Place your thumb on the gauge as directed. If you have any

questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

11. Radial digit press (index finger):

The forearm and wrist are in a position such that the palm is
down. Force is exerted at the radial aspect of the distal
interphalangeal joint of the index finger, perpendicular to the
bony joint. The remaining fingers are straight and separated.

Place your index finger on the gauge as directed. If you
have any questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

12. Ulnar digit press (index finger):

The forearm and wrist are in a position such that the palm is
down. Force is exerted at the ulnar aspect of the distal
interphalangeal joint of the index finger, perpendicular to the
bony joint. The remaining fingers are straight and separated.

Place your index finger on the gauge as directed. If you
have any questions, please ask the experimenter now. When the

experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.
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Force Measurement Study

4. Instructions for Measurements (taped), cont.

13,14. Hook press (index finger, middle finger):

The forearm and wrist are in a position such that the palm is
down. Force is exerted at the pad of the finger, parallel to the
proximal phalanx of the tested finger. The remaining fingers are
bent and separated.

Place your finger on the gauge as directed. If you have any
questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

15,16. Tip pinch (index finger, middle finger):

The forearm and wrist are in a position such that the palm is
inward, toward the body. Force is exerted between the tip of the
tested finger and the tip of the thumb (such that the nails do
not interfere with or support the force exertion). Force is
exerted through the centers of the opposing tips of the digits.

° Remaining fingers are bent and separated. p
Place your fingers on the gauge as directed. If you have any

questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

17,18. Palmar pinch (index finger, middle finger):

The forearm and wrist are in a position such that the palm is
inward, toward the body. Force is exerted between the pad of the
tested finger and the pad of the thumb, through the centers of .
the opposing pads. Remaining fingers are bent and separated.

Place your fingers on the gauge as directed. If you have any
questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

19. Three jaw chuck pinch:

The forearm and wrist are in a position such that the palm is
inward, toward the body. Force is exerted between the pads of
the index and middle fingers together and the pad of the thumb,
through the centers of the opposing pads. Remaining fingers are
bent and separated.

Place your fingers on the gauge as directed. If you have any
questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.
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Force Measurement Study

4. Instructions for Measurements (taped), cont.

20. Lateral pinch:

The forearm and wrist are in a position such that the palm is

inward, toward the body. Force is exerted between the pad of the

thumb and the opposing lateral side of the middle phalanx of the

index finger, through the opposing surfaces. Remaining fingers

are bent and held together to support the index finger.
Place your fingers on the gauge as directed. If you have any

questions, please ask the experimenter now. When the
experimenter tells you to begin, exert your maximal effort
(without jerk) and sustain it for 4 seconds.

4. Conclusion and Debriefing
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