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ABSTRACT

The Revised Strain Index (RSI) is a distal upper extremity (DUE) physical exposure assessment model
based on: intensity of exertion, frequency of exertion, duration per exertion, hand/wrist posture and
duration of task per day. The RSl improves upon the 1995 Strain Index (Sl) by using continuous rather
than categorical multipliers, and replacing duty cycle with duration per exertion. In a simulation of
13,944 tasks, the RSl and 1995 Sl showed good agreement in risk predictions for 1995 Sl scores <3
(safe) and >13.5 (hazardous). For tasks with 1995 Sl scores of >3 and <13.5, the two models showed
marked disagreement, with the RSI providing much greater discriminations between ‘safe’ and
‘hazardous’ tasks for various combinations of force, repetition and duty cycle. We believe the RSl is
a substantially improved model that will be useful for DUE task analysis, intervention and design.

Practitioner Summary: RSI is a substantial improvement over the 1995 Sl. It should be a valuable
tool for designing and analysing tasks to determine risk of musculoskeletal injuries. RSl is applicable
to a wide variety of tasks including very low force and very high repetition tasks such as keyboard use.
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Introduction

Several studies have reported that exposures to high
force, high repetition, non-neutral hand/wrist posture
and/or hand/arm vibrations from vibrating hand tools are
associated with increased risk of distal upper extremity
(DUE) symptoms and or musculoskeletal disorders (MSDs)
(Moore and Garg 1995; Bernard 1997; Mani and Gerr 2000;
Moore, Rucker, and Knox 2001; Garg and Kapellusch 2011;
Harris-Adamson et al. 2011, 2015). The literature suggests
that those jobs requiring a combination of high force and
high repetition have a greater risk for DUE MSDs than
those jobs requiring exposure to either high force or
high repetition alone (Armstrong et al. 1987; Silverstein,
Fine, and Armstrong 1987; Chiang et al. 1993; Osorio
et al. 1994; Moore, Rucker, and Knox 2001; Melchior et al.
2006; Garg and Kapellusch 2011; Gallagher and Heberger
2013; Harris-Adamson et al. 2015). In a recent study,
Harris-Adamson et al. (2015) reported that the per cent
time spent in forceful hand exertions was associated with
an increased risk of incident carpal tunnel syndrome in
a dose-dependent pattern, consistent with the findings
of Moore and Garg (1994). Regarding exposure to force,
repetition and posture, it appears that these risk factors
interact in a multiplicative manner.

Several job analysis methods have been proposed to
evaluate the combinations of job physical factors that
expose a worker to an increased risk of DUE MSDs (Garg
and Kapellusch 2011). In North America, one of the com-
monly used quantitative job analysis methods to meas-
ure DUE job physical exposures (Dempsey, McGorry, and
Maynard 2005) is the Strain Index (SI) (Moore and Garg
1995). In this current paper, this original version of the SI
is referred to as the 1995 SI' to avoid confusion between
it and this proposed revision, which is called the ‘Revised
Strain Index’(RSI). The 1995 Sl provides summary measures
of risk based on combinations of six job physical factors:
intensity of exertion, efforts per minute, duration of exer-
tion (as a percentage of cycle time), hand/wrist posture,
speed of work and duration of task per day (hours). The
1995 Sl was developed based on principles derived from
physiology, biomechanics and epidemiology (Moore and
Garg 1995). Several epidemiological studies have shown
relationships between the 1995 Sl score and risk of DUE
MSDs (Moore and Garg 1995; Bovenzi and Hulshof 1998;
Knox and Moore 2001; Moore, Rucker, and Knox 2001;
Rucker and Moore 2002; Drinkaus et al. 2003; Drinkaus
et al. 2005; Moore et al. 2006; Silverstein et al. 2006;
Spielholz et al. 2008; Harris-Adamson et al. 2011; Garg
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etal.2012; Garg et al. 2014; Kapellusch et al. 2014; Meyers,
Gerr, and Fethke 2014).

While the 1995 SI has served well in determining risk
of DUE MSDs, it has certain limitations. These include:
(i) use of categorical variables and their corresponding
multipliers leading to very different Sl scores with a one
unit change in intensity of exertion, number of exertions
or duty cycle, at their cut points, (ii) lack of discriminative
power between very low and up to moderate intensity of
force even though many exertions fall into this force range
(i.e. % maximum voluntary contraction, %MVC = 1-29%
range, can only be rated as‘light’or‘somewhat hard’) (Garg
etal. 2012; Harris-Adamson et al. 2015), (iii) the efforts per
minute multiplier is capped at 20 exertions per minute
and there is some concern that tasks with >20 efforts per
minute may not be appropriately penalised (Garg et al.
2012) and (iv) use of duty cycle — which is confounded with
efforts per minute - to account for duration of exertion.
Regarding duration per exertion, psychophysical studies
suggest that, given two tasks having the same % MVC and
duty cycle, the one with a lower frequency of exertion and
a higher duration per exertion may be more fatiguing
than the corresponding task with higher frequency and
lower duration per exertion (Dahalan and Fernandez 1993;
Stephens 2006).

To address these limitations, we propose the RSI. The RSI
reflects recent research findings since the development of
the 1995 Sl and addresses the aforementioned limitations
of the 1995 SI.

The RSI

The RSl is conceptually similar to the 1995 SI but with
three key differences, the RSI: (i) omits speed of work,
(ii) relies on duration per exertion rather than duty cycle
and (iii) uses continuous variables and multipliers rather
than categorical variables and multipliers. Regarding
speed of work, our experience over the last 20 years has
shown that it is rarely an important issue (Garg et al. 2012)
and, to a certain extent, is accounted for in the efforts per
minute and duration per exertion variables. Thus, the RSl is
afive variable model that includes: (i) intensity of exertion
(force), (ii) efforts per minute (frequency), (iii) duration per
exertion, (iv) hand/wrist posture (wrist flexion or extension)
and (v) duration of task per day.

Out of these five variables, intensity of exertion, efforts
per minute and hours of exposure per day have exactly
the same operational definitions as those in the 1995 SI
(though the corresponding multipliers are different). For
the hand/wrist posture variable, a distinction is made
whether the gripping/pinching force is applied in wrist
extension or flexion. This is because both grip and wrist
strengths are significantly lower in wrist flexion than in
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extension (Cykana 2002; Garg, Cykana, and Hegmann 2003;
Shih and Ou 2005; Seo, Armstrong, and Young 2010) and
psychophysical studies show that maximum acceptable
frequency is lower in wrist flexion than in neutral hand/
wrist posture or wrist extension (Kim and Fernandez 1993;
Davis and Fernandez 1994; Marley and Fernandez 1995;
Klein and Fernandez 1997).

We replaced duty cycle with duration per exertion.
While these two variables are correlated - duty cycle (per
minute) is equal to the average duration per exertion mul-
tiplied by the efforts per minute — the duty cycle does not
differentiate between two tasks having the same duty
cycle but different exertion durations. Tasks with low-fre-
quency, long-duration exertions are generally expected
to produce greater static muscle loading and thus may
result in greater stresses than tasks with high-frequency,
short-duration exertions, even if the duty cycles for the
tasks are identical.

For example, consider two tasks: task ‘A’ with 2 exertions
per minute of 25s each and task ‘B’ with 25 exertions per
minute of 2s each. Both tasks have the same duty cycle
(83%). Task ‘A’ has more static loading and less repetition
while task ‘B has more repetition and less static loading.
The 1995 Sl score for task ‘B’ is 6 times higher than the
score for task‘A’; however, due to static loading of muscles,
the risk associated with task‘A’'may be the same or higher
than that of task ‘B. Thus, for task analysis and design, we
believe that the combination of frequency of exertion and
duration per exertion can separately address static mus-
cular load and high repetition concerns and is, therefore,
superior to the combination of frequency of exertion and
duty cycle.

RSl variables

The following is a brief description of the five variables
in the RSI.

Intensity of exertion (1)

Intensity of exertion represents the force requirements of a
task. It reflects the magnitude of muscular effort required
to perform the task and is defined as the percentage of
maximum strength (%MVC) required to perform the task
once.

For applications in the field, %MVC can be estimated
using the Borg CR-10 perceived exertion scale (Borg 1982).
We have conducted laboratory studies to quantify the rela-
tionship between the %MVC and the Borg CR-10 rating
and these studies have consistently found a linear rela-
tionship between %MVC and Borg CR-10 rating except at
the very low and very high extremes of %MVC (data not
shown). Thus, for practical applications, %MVC can be esti-
mated by multiplying Borg CR-10 rating by 10.
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When feasible, we recommend that a team of analysts
perform the task themselves — to experience the task’s force
requirements — prior to determining Borg CR-10 ratings.
Rating differences between analysts should be resolved
by consensus. When analysts are unable to perform the
task themselves, we recommend direct observation of one
or more workers rather than relying on videotape alone.
Similarly, while Borg CR-10 ratings from multiple analysts
are desirable, a single analyst may rate the task when mul-
tiple analysts are not available.

Efforts per minute (E)

An effort is defined as a direct application of force through
the hand and usually occurs with prehension (e.g. holding
an object or using a tool), but also includes direct appli-
cations of force with the hand such as typing, pressing
controls or pushing objects. Efforts per minute, which is
synonymous with frequency of exertion, is a measure of
repetitiveness and is defined as the number of exertions
per minute. To determine efforts per minute, an analyst or
team should observe the task (or a representative video-
tape of it) for several complete task cycles. For tasks with
very large cycle times (e.g. more than 10 min), the task
should be observed for a sufficient period of time to obtain
a reasonable representation of the task requirements.
Efforts per minute is calculated by counting the number
of exertions that occur during a representative observation
period and dividing the sum by the observation period
duration in minutes. The observation period can be meas-
ured with a stopwatch. The number of exertions can be
counted using a counter.

Duration per exertion (D)

Duration per exertion is the average time (measured in
seconds) that an exertion is applied. The total exertion time
(i.e. total time spent applying force) during an observation
period can be measured with a stopwatch. The average
duration per exertion can be calculated by dividing the
total exertion time (seconds) by the number of exertions
counted during the observation period.

Users of the RS are cautioned that certain combinations
of efforts/minute and duration per exertion cannot be
completed within one minute and the user should make
sure that the computed duty cycle does not exceed 100%.

Hand/wrist posture (P)

Posture refers to the anatomical position of the hand/
wrist relative to anatomical neutral. A distinction is made
whether the wrist is in neutral, flexion or extension.
Analysts should observe the task and determine:
(i) whether the wrist is in flexion or extension when
applying force, and (ii) the amount of flexion or extension
(degrees of deviation from anatomical neutral) when

applying force. When different hand/wrist postures are
observed, the regularly occurring posture that requires
the greatest %MVC should be used.

Duration of task per day (H)

Duration of task per day is the total time that a task is per-
formed per day. It reflects the adverse effects of prolonged
activity, including overtime. Duration of task per day is
measured in hours.

RSI multipliers

Currently, there are not sufficient data to specify dose-
response relationships between these five individual task
variables and the risk of DUE MSDs. Therefore, like the 1995
SI, professional judgement was used to derive multiplier
values for the RSl that are consistent with psychophysical,
physiological, biomechanical and epidemiological consid-
erations. RSI multipliers are based on the principle that
increasing values of intensity of exertion (force), duration
of exertion, efforts per minute, flexion/extension of the
wrist and/or duration of task per day increases strain on
the body. These multipliers also reflect observations such
as, for a given intensity of exertion and a constant number
of efforts per minute, a longer duration of exertion should
be associated with greater strain than a shorter duration
of exertion. An examination of data recently collected for
epidemiological studies (Garg et al. 2012; Kapellusch et al.
2014; Harris-Adamson et al. 2015) suggests that very low
%MVC exertions performed at high frequency but with
very short duration of exertions (e.g. keying, wiring, pipet-
ting) can be performed without increased risk of adverse
health effects. On the contrary, tasks involving very high
%MVC, low frequency and long duration of exertion are
associated with an increased risk of DUE MSDs. The RSI
attempts to incorporate these observations with new
intensity of exertion, duration per exertion and efforts
per minute multipliers. Figure 1 shows how RSl and 1995
SI multipliers compare.

For the intensity of exertion multiplier, a non-linear
relationship was selected because the physiological,
biomechanical and epidemiological principles, as well
as psychophysical theory, suggest a nonlinear relation-
ship between intensity of exertion and manifestation of
strain. In the 1995 SI, the intensity of exertion multiplier
was applied force rating (on a scale of 1-5) raised to the
power 1.6. Borg and Kaijser (2006) later suggested an
exponent of 1.2 instead of 1.6 (sd = 0.4). Data collected in
our laboratories (not reported here), as well an examina-
tion of psychophysical studies on maximum acceptable
frequencies, suggest that the exponent is approximately
1.2 at lower %MVCs and seems to increase as a function
of %MVC at higher %MVCs. Further, in psychophysical
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Figure 1. Comparison of RSl and 1995 SI multipliers.

studies, it appears that subjects tend to underestimate
maximum acceptable frequency at low %MVC and over-
estimate maximum acceptable frequency at higher %MVC.
The RSlintensity of exertion multiplier reflects these obser-
vations (Figure 1(a)).

In the 1995 SI, the efforts per minute multiplier had
a linear relationship with the efforts/min. In the RSI, the
efforts per minute multiplier also has a linear relationship
with frequency of exertion up to 90 efforts/min, and then
it increases non-linearly. However, the efforts per minute
multiplier in the RSl is assigned a greater weight than the
efforts per minute multiplier in the 1995 Sl (Figure 1(b)).
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This increased penalty from the efforts per minute multi-
plier is offset by the duration per exertion multiplier, par-
ticularly for exertions of 1s or less (see below).

In the 1995 SI, the duration of exertion multiplier has
a linear relationship with the duty cycle (% duration of
exertion) (Figure 1(f)). Similarly, in the RSI, the duration
per exertion multiplier also has a linear relationship with
the duration per exertion up to an exertion of 60s. Beyond
60s, the multiplier gradually reduces the rate of increase
in penalty (Figure 1(c)). However, unlike the 1995 SI, which
penalises duty cycle, the RSI penalises duration of exer-
tion and efforts per minute independently. For example,
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consider a task with 30 exertions per minute of 0.8s each
(40% duty cycle). The 1995 Sl penalises this task both for
frequency of exertion and for duration of exertion (duty
cycle), resulting in a double penalty. Conversely, because
the duration of each exertion is very short, the RSI does
not penalise for duration per exertion (i.e. the multiplier
is < 1.0) but it does penalise for frequency of exertion.

Recent prospective cohort studies on DUE MSDs sug-
gest that hand/wrist posture is likely not an independent
risk factor for DUE MSDs (Silverstein et al. 2010; Harris-
Adamson et al.2011;Burtetal.2011; Garg etal. 2012; Garg
et al. 2014; Fan et al. 2015; Harris-Adamson et al. 2015).
Similarly, the American Conference of Governmental
Industrial Hygienists (2002) also does not include hand/
wrist posture as a risk factor in the Threshold Limit Value for
Hand Activity Level (TLV for HAL). However, biomechanical
and physiological considerations suggest that the hand/
wrist posture is a relevant risk factor when combined with
forceful exertions. Consistent with the 1995 SI construct,
we have kept the hand/wrist posture as a variable; how-
ever, we have reduced the penalty, especially for wrist
extension (Figure 1(d)).

In the 1995 SI, the duration of task per day multiplier
was based on professional judgement. It had multiplier
values of 0.25 and 1.5 for <1 and >8 h of task exposure
per day, respectively. Data collected in our laboratories

M= 30.00- > —15.60 - > +13.00 - | + 0.40,0.0 < | < 0.4
"\ 36.00-P —3330-/12+2477-1—1.86,04<1<1.0

suggest that the 0.25 multiplier for a task duration of up
to 1 histoo low. For example, we found that a 50% MVC, 6
efforts per minute task with 6s duration per exertion could
be performed for less than 15 min; far short of 1 h. Similar
findings were reported by Bystrom and Kilbom (1990),

under hand/wrist posture) did not find that those workers
exposed for 10 or 12 h per day were at significantly higher
risk of DUE MSDs than those workers exposed to the same
biomechanical stressors (measured using either the TLV
for HAL or the SI) for 8 h per day. However, the acceptable
level of physical exposure for 12 h per day logically should
be lower than that for 8 h. While there are no studies on
hand intensive work, based on a psychophysical study for
manual materials handling tasks Mital (1983) reported an
about 8% decrease in acceptable workload when the dura-
tion of exposure was increased from 8to 12 h.Thus,at 12 h
per day the RSI multiplier is 1.2 as compared to the 1995
SI multiplier of 1.5 (Figure 1(e)). A word of caution is that
the proposed hours per day multiplier for extended work
shift (e.g. 1.2 for 12 h of exposure per day) may not be
sufficiently protective, depending upon number of days
per week a worker is exposed, work-rest patterns, and the
nature of biomechanical and physiological stressors and
changes in those stressors during an extended work shift.

The RSI score

The RSI score is the product of five multipliers, as shown
below by Equation (1).

RSI=IM-EM-DM - PM - HM (M
Where,

v J 010+025-EE <90/m
~ | 0.00334-E",E>90/m

Dahalan and Fernandez (1993), Klein and Fernandez (1997) DM = 0.45+0.31-D,D < 60s @
and Stephens (2006), and have shown that subjects were 19.17 - log, (D) — 59.44,D > 60s
unable to continue with exertions requiring high %MVC
1.2-e©®%9P _ 0.2, P = Degrees of wrist flexion
PM =4 1.0, P < 30Degrees of wrist extension (5)

1.0+ 0.00028 - (P — 30)2, p > 30 Degrees of wrist extension

(e.g. >50%) and long duration of exertion (e.g. > 5s per
exertion), or that the maximum acceptable frequencies
were fairly low and resulted in very high perceived exertion
ratings. Therefore, the RSI duration of task per day multi-
plier rapidly increases from about 0.2 at 3 min of task dura-
tion to approximately 0.5 at 1 h of task duration (Figure
1(e)). Similarly, recent epidemiological studies (cited

v~ | 020.H<005h
| 0.042-H +0.090 - log, (H) +0.477,H > 0.05 h
(6)

IM = Intensity of exertion (force) multiplier.
EM = Exertions per minute (frequency) multiplier.
DM = Duration per exertion multiplier.



PM = Hand/wrist posture multiplier.

HM = Duration of task per day multiplier.

| = Intensity of exertion (%MVC expressed numerically
from 0 to 1.0, or Borg CR-10 rating divided by 10.0).

E = Efforts/min (count of exertions divided by total
observation time in minutes).

D = Duration per exertion (seconds).

P = Hand/wrist posture (degrees from anatomical
neutral).

H = Duration of task per day (hours).

RSlis designed such that a score of up to 10.0 is consid-
ered ‘safe’ and a score of >10.0 is considered ‘hazardous.
Precise limits will need to be set based on findings from
future epidemiological studies as well as government and/
or employer policies for risk tolerance.
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Comparison of the 1995 Sl and the RSI

To compare the performance of the RSI with the 1995 SI,
we simulated tasks with different combinations of inten-
sity of exertion (1), efforts per minute (E) and duration per
exertion (D). For simplicity, we assumed neutral hand/
wrist posture (P) and that all tasks were performed for 8 h
per day (H). The intensity of exertion (I) values were 1, 5%
and then in increments of 5 up to 100% of MVC. Efforts
per minute (E) ranged from 0.2 to 120 efforts/min, and
the values were 0.2, 0.5, 1.0 to 20.0 in increments of 1.0,
and 25.0-120.0 increments of 5.0. Duration per exertion
(D) included 0.55-1.0s in increments of 0.1s, 1.2s-3.0s
in increments of 0.2s, 3.55-10.0s in increments of 0.5s,
12.05-20.0s in increments of 2.0s and then 25.0s-60.0s in
increments of 5.0s. Based on the above parameters, the
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Figure 2. Box-and-whisker plot showing the median, interquartile range and overall range of RSI scores for those combinations of
intensity of exertion, efforts per minute, and duration of exertion resulting in a discrete 1995 Sl score > 3.0 and < 13.5.

Table 1. Comparison of RSl and 1995 Sl scores and risk classifications based on simulation of N = 13,944 tasks.

1995 Strain Index (Sl) score range

SI<=3.0 3.0<SI<=6.1 6.1 <SI<=13.5 SI>13.5

‘Low’Risk ‘Low’Risk ‘High' Risk ‘High' Risk
Number of simulated tasks (N) 3,244 2,086 3,141 5473
RSI: Mean score 3.0 8.7 20.8 64.0
RSI: Standard deviation 2.4 5.2 14.8 57.4
RSI: Range 0.1-16.6 0.1-375 1.1-129.1 25-6153
RSI: Median 24 7.8 16.8 47.8
RSI: Inter-quartile range 1.2-42 53-11.2 11.6-259 28.1-80.7
Risk classification, % agreement 98.2% 67.5% 82.9% 94.4%
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Table 2. Summary of RSl scores for varying combinations of intensity, frequency and duty cycle of exertion that resultin a 1995 Sl score

of 4.5 (N = 845 of 13,944 simulated tasks).

Exertions per

%MVC 1995 SIIM minute 1995 SIFM Duty cycle (%) 1995 SI DM 1995 Sl score RSl score range
<10 1.0 9-14 1.5 80-100 3.0 45 27-63
<10 1.0 >20 3.0 30-49 15 4.5 20-85
10-29 3.0 4-8 1.0 30-49 1.5 45 43-10.1
10-29 3.0 9-14 1.5 10-29 1.0 4.5 33-93
30-49 6.0 0-4 0.5 30-49 1.5 45 72-229
30-49 6.0 9-14 1.5 <10 0.5 4.5 53-10.0
50-79 9.0 0-4 0.5 10-29 1.0 45 54-376
50-79 9.0 4-8 1.0 <10 0.5 4.5 45-185

simulation produced 37,926 tasks. After stripping off those
tasks with computed duty cycle >100%, the simulation
produced 13,944 tasks that were theoretically feasible. We
acknowledge that some of these 13,944 tasks were likely
not biologically feasible.

The 1995 Sl and RSI scores for the 13,944 tasks were
computed using the 1995 SImodel (Moore and Garg 1995)
and Equation (1), respectively. The 1995 SI model resulted
in 35 discrete 1995 Sl scores, due to the categorical nature
of the 1995 SI multipliers; whereas, each unique combi-
nation of intensity of exertion, efforts per minute and
duration of exertion resulted in a unique RSI score. The
r? between the scores of the two models was 0.62. Using
the 1995 SI, the tasks were classified either as ‘safe’ (1995
Sl score < 6.1) or ‘hazardous’ (1995 Sl score >6.1) (Moore
et al. 2006). Similarly, using the RSI, the tasks were clas-
sified either as ‘safe’ (RSI score < 10.0) or ‘hazardous’ (RSI
score >10.0). Table 1 summarises the relevant statistics for
these tasks as well as hazard classification of these tasks
using the 1995 Sl and RSI models.

Both the models had very good agreement in classify-
ing the tasks as‘safe’ when the 1995 Sl score was <3.0 and
as’hazardous’when the 1995 Sl score was >13.5 (Table 1).
For 1995 Sl scores >3.0 and <13.5, the two models showed
marked disagreement in classifying the jobs as ‘safe’ vs.
‘hazardous’ To further highlight the differences between
the two models, Figure 2 provides a box and whisker plot
showing the median, interquartile range and overall range
of RSI scores for those combinations of intensity of exer-
tion, efforts per minute and duration of exertion resulting
in a discrete 1995 Sl score >3.0 and <13.5. For example,
combinations of intensity of exertion, efforts per minute
and duration of exertion that resulted in a 1995 Sl score of
4.5 had RSl scores ranging from 2.0 to 37.6 with a median
of 8.9 (Figure 2). For 1995 Sl scores >3.0 and <6.1 (clas-
sified as ‘safe’ tasks by the 1995 SlI), nearly one-in-three
tasks (32.5%) were classified as ‘hazardous’ using the RSI
model (Table 1 and Figure 2). Similarly, for tasks with 1995
Sl scores >6.1 and <13.5 (classified as ‘hazardous’ tasks by
the 1995 Sl), about one-in-six tasks (17.1%) were classified
as‘safe’ using the RSI model (Table 1 and Figure 2).

There are three noteworthy observations from
Figure 2. First, the two models seem to be in full agreement
(safe vs. hazardous) for the 1995 Sl score of 4.0, but not
for the other 1995 S| scores between 3.25 and 13.5.
Second, while both the RSl and 1995 SI models imply that
increasing scores represent increased risk for DUE MSDs,
the two models showed somewhat different risk prediction
patterns. For example, the RSI model suggests that the DUE
MSD risk is higher at 1995 Sl score of 9.75 than at 1995 S|
scoresof 12.0,13.0and 13.5 (where median RSIscores are 43,
14.7, and 19.0, respectively). Similarly, the median RSI
scores decreased from 21.2 to 15.8 to 12.1 as the 1995 SI
scores increased from 6.5, 6.75 to 9.0. This phenomenon
occurs primarily due to the categorical nature of the 1995
SImultipliers. For example, the 1995 Sl score of 6.5 can only
be obtained when the intensity of exertion rating is 5 (i.e.
%MVC >80) resulting in an intensity of exertion multiplier
of 13. Conversely, the 1995 Sl score of 9.0 can never be
obtained with an intensity of exertion multiplier of 13.
Thus, the relatively increased penalty associated with the
RSl intensity of exertion multiplier at very high force levels
causes RSI scores to be generally higher at the 1995 SI
score of 6.5 than at 6.75 and 9.0. These types of differences
in risk prediction patterns between the two models were
observed throughout the full range of 1995 Sl scores. Last,
certain combinations of intensity of exertion, efforts per
minute and duration of exertion resulted in the same 1995
Slscore, while the RSl scores showed a large variation (often
ranging from‘safe’to extremely 'hazardous’ classifications),
thus the RSl appears to provide much more discrimination
of estimated risk for these three variable combinations.
For example, within the simulated tasks, eight different
combinations of 1995 SI multiplier categories - with
corresponding intensity of exertion ranging from 1 to
75% MVC, 0.2-55 efforts/min and duty cycle ranging
from 3 to 98% - produced a 1995 Sl score of 4.5 (Table 2),
while the RSI scores for these combinations ranged from
2.0 to 37.6 (Table 2). These differences between the two
models are attributable to use of categorisation in the
1995 SI model, use of duration per exertion in place of duty



cycle in the RSI model, and to a lesser degree differences
between the multipliers used in the two models.

Discussion

The RSl is an exposure assessment methodology based
on multiplicative interactions among five task variables.
In this regard, it is conceptually similar to the 1995 Sl and
the recommended weight limit from the Revised NIOSH
Lifting Equation (Waters et al. 1993). The multiplicative
nature of the interactions among the task variables for
risk of DUE MSDs is consistent with epidemiological stud-
ies of DUE MSDs (Moore and Garg 1995; Knox and Moore
2001; Moore, Rucker, and Knox 2001; Drinkaus et al. 2003;
Bovenzi et al. 2005; Drinkaus et al. 2005; Moore et al. 2006;
Silverstein et al. 2006; Spielholz et al. 2008; Harris-Adamson
etal.2011; Garg et al. 2012; Meyers, Gerr, and Fethke 2014;
Garg et al. 2014; Kapellusch et al. 2014). While similar to the
1995 SI, the RSI has certain important improvements such
as use of continuous rather than categorical multipliers,
and duration per exertion rather than duty cycle.
Categorical multipliers pose two problems. First, so
long as the task physical demands, as described by the
1995 Sl variables, remain in their respective categories, the
1995 Sl score does not change. Thus there is no distinc-
tion between, for example, 10-29% MVC, or 4-8 efforts
per minute, and this can make prioritisation and imple-
mentation of task interventions somewhat challenging.
To demonstrate this, consider certain combinations of
intensity of exertion, efforts per min and duty cycle that
produce a 1995 Sl score of 6.5, which slightly exceeds the
current safe threshold limit of 6.1. The same combinations
of these variables result in RSI scores ranging from 1.0 to
more than 70 (see Figure 2). Thus, the RSI should prove to
be a more useful tool for prioritising task interventions.
Second, as measured physical exposure variables (e.g. %
MVC, efforts per minute) reach their category limits in the
1995 SI, serious problems may occur with risk classifica-
tions. For example, consider a task requiring 29% MVC, 6
efforts per minute of 5s each, fair posture, fair speed and
task performance for 8 h per day. The 1995 Sl score is 4.5
(‘safe’). If %MVC is increased slightly to 30%, and all other
task variables are kept the same, the 1995 Sl score jumps
to 9 (‘hazardous’), suggesting that risk has doubled when
in fact it has changed very little. Similarly, a task requir-
ing 50% MVC, 4 efforts per minute, duty cycle of 20%, fair
posture and speed, and task performance for 8 h per day
receives a 1995 Sl score of 9 (‘hazardous’). If the efforts per
minute are reduced to 3, the duty cycle is increased from
20 to 25%, and all other variables remain the same, the
1995 Sl score drops in half to 4.5 (‘safe’). Thus, the 1995 SI
score doubles if we replace 3 efforts per minute of 5s each
with 4 efforts per minute of 3s each. These sudden changes
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in model score and implied risk are inappropriate and have
been corrected with the continuous multipliers in the RSI.

The 1995 SI treats frequency of exertion (efforts per
minute) and duty cycle as independent variables, but duty
cycle is mathematically related to frequency, thus a‘double
penalty’occurs, especially for high-frequency exertions. By
using duration per exertion, the RSI corrects this problem
while still indirectly accounting for duty cycle (which is the
mathematical product of frequency and duration per exer-
tion within a period). The use of duration per exertion allows
the RSl to explicitly account for tasks with a substantial static
component (i.e. localised muscle fatigue). It also allows the
RSI to study very low per cent MVC, very high frequency,
short duration exertions such as those used for keyboarding
tasks. This change makes the RSl a more generally applica-
ble job analysis and design tool than the 1995 SI.

Another important change is the RSl intensity of exer-
tion multiplier. The 1995 Sl used a five-point scale for inten-
sity of exertion that was somewhat insensitive to moderate
and especially low intensities of exertion (0-29% MVC). An
error in force rating by the analyst on the low end of the
scale (i.e. an intensity of exertion rating of 2 rather than
1) causes the intensity of exertion multiplier to increase
from 1 to 3, which results in a tripling the 1995 Sl score
and thus the implied risk of DUE MSDs. For applications
in the field, we believe that the use of the 10-point Borg
CR-10 scale to rate the force, and the use of a continuous
intensity of exertion multiplier, will reduce risk misclassifi-
cations associated with underestimation or overestimation
of the intensity of exertion (force).

Finally, the 1995 Sl caps the efforts per minute multiplier
at 20 and thus jobs with very high efforts per minute might
not receive adequate penalty. In this regard, Garg et al.
(2012) noted that 60% of the jobs in their study required
more than 20 efforts per minute. The RSl efforts per minute
variable and multiplier have no upper limits and thus the
RSl can analyse tasks with several dozen or even more than
100 efforts per minute (e.g. wiring, keyboarding). However,
the RSl efforts per minute multiplier is designed to ensure
that very high-frequency tasks (i.e. efforts per minute more
than 90) also have very low force requirements and/or are
performed for a very low number of hours per day in order
to be classified as ‘safe’

Ideally, the RSI multipliers should be based on epide-
miological studies that quantify the relationships between
each of the RSI variables and actual risk of DUE MSDs.
Unfortunately, this approach is currently infeasible. In the
absence of epidemiological studies demonstrating these
relationships, one would like to use explicit mathematical
relationships between the physical exposure variables and
some biomechanical, physiological and/or psychophysical
responses. However, even these relationships are substan-
tially lacking. Thus, we have relied heavily on published
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and many unpublished laboratory studies to inform our
professional judgement and design the RSI multipliers. In
this regard, we considered various combinations of %MVC,
duration per exertion and efforts per min and compared
them with published and unpublished data, or performed
laboratory simulations to determine whether combinations
were feasible or were likely to cause excessive fatigue. While
the RSI multipliers were objectively developed, we relied on
professional judgement to fill in gaps and resolve discrep-
ancies between available data. Thus, the RSI multipliers are
subject to criticism and may need revisions as additional
quantitative psychophysical, biomechanical, physiological
and/or epidemiological data become available. In particular,
as compared to the 1995 SI, we substantially reduced the
duration of exposure per day multiplier for extended work
shifts beyond 8 h per day. Little is known about the possible
increase in MSDs risk based on an increase in exposure from
810 12 h. A safe level of physical exposure for an extended
work shift (e.g. 12 h) will likely be affected by factors such as
the number of days per week of extended exposure, work
patterns within the shift and week, recovery time between
shifts and other biomechanical and physiological stressors
and changes in those stressors. The RSI does not account for
these potentially important modifiers of physical exposure.
Thus, it should be noted that the hours per day multiplier of
1.2 for an extended work shift of 12 h per day may not be
sufficiently protective under certain exposure conditions
and may need to be revised as more epidemiological infor-
mation becomes available. Practitioners should exercise
care and judgement when designing extended work shifts
beyond 8 h per day.

Similarly, the RSI does not include the ‘speed of work’
variable. Thus, it may not adequately capture physical
exposure from those tasks that require very rapid arm and/
or hand/wrist movements.

Conclusion

The RSl is a five-variable model using continuous multipli-
ers. Compared to the 1995 SI, the RSI replaces duty cycle
with duration per exertion, and the multipliers reflect more
recent research findings. We believe that the RSl is a sub-
stantial improvement over the 1995 SI, provides greater
discrimination of risk predictions, avoids misclassification
of risk due to use of categorical multipliers and should
prove useful for both task design and intervention. An RSI
score of 10 or less is considered ‘safe’ and a score greater
than 10 is considered ‘hazardous’ Similar to the 1995 SI,
the RSl is designed to determine risk of DUE MSDs among
a cohort of workers who perform the same task. It is not
designed to determine the risk of DUE MSDs to an indi-
vidual worker.
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Appendix 1. Tables summarising the Revised Table A3. (Continued)
Strain Index Multipliers Duration per exertion (s) Multiplier
Table A1. Intensity of exertion (force) ratings and associated 1‘28 g'gg
multipliers. 2.00 1.07
% MVC (%) Borg CR-10 Multiplier 3.00 138
5.00 2.00
! - 0.53 7.50 278
5 05 1.01 10.00 355
10 ! 157 20,00 6.65
15 - 210 30.00 9.75
25 - 3.14 90.00 26.82
30 3 371 120.00 3234
40 4 >.02 240.00 4562
50 5 6.70
60 6 8.79 ) . . o
70 7 11.51 Table A4. Hand/wrist posture ratings and associated multipliers.
p 9 p
80 8 15.08 . 2 s
% 9 1970 Hand/erlst posture Multiplier
100 10 25.61 75° Flexion 2.16
60° Flexion 1.86
X . . . 45° Flexion 1.60
Table A2. Exertions per minute (frequency) ratings and associated 30 Flexion 137
multipliers. 15° Flexion 1.17
Efforts per minute Multiplier i;;iltergllon 18(6)
0.2 0.15 50 Extension 1.00
0.5 0.23 15° Extension 1.00
1.0 035 30° Extension 1.00
1.5 0.48 450 Extension 1.06
2.0 0.60 60° Extension 1.25
3.0 0.85 -
4.0 1.10 @Measured relative to anatomical neutral.
5.0 135
Z'(fo ;gg Table A5. Hours per day ratings and associated multipliers.
15:0 3:35 Hours per day Multiplier
20.0 5.10 0.25 0.36
30.0 7.60 0.50 0.44
45.0 11.35 1.00 0.52
60.0 15.10 1.50 0.58
75.0 18.85 2.00 0.62
90.0 22.60 3.00 0.70
120.0 39.71 4.00 0.77
150.0 61.50 6.00 0.89
8.00 1.00
Table A3. Duration per exertion ratings and associated multipliers. lg-gg 1';8
Duration per exertion (s) Multiplier : :
0.20 *0.51
0.50 0.61

0.75 0.68
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