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Abstract

The objectives of this intervention research project were to develop and evaluate engineering controls for the

reduction of the upper extremity injury risk in workers in the furniture manufacturing industry. The analysis of OSHA

Form 200 logs and surveys of furniture workers revealed that upholsterers, workers who use random orbital sanders

and workers who use spray guns are at higher levels of risk of illness than the rest of the working population. An on-site

ergonomic analysis of these three jobs was performed and the following risk factors were identified for each of these

three work groups: upholsterersFrepetitive, high-force pinch grips; sandersFlong-duration static grip forces; and

sprayersFawkward postures (ulnar wrist deviations and wrist flexion). Engineering interventions in the form of new or

modified handtools were then evaluated in the laboratory to assess their effectiveness in reducing exposure to these risk

factors. For sanding, an interface was created that secured the hand to the sander with the intention of reducing the

need for static grip forces during sanding. A new handtool was created for upholsterers that replaced the repetitive

pinch grips with a power grip. Finally, a commercially available spray gun with ergonomic features was evaluated. Each

of these modified tools/methods was compared with the standard methods typically used in industry. The results show

that most of the intended beneficial effects were realized. The random orbital sander interface reduced extensor muscle

activities by an average of 30%. The upholstery handtool reduced the intrinsic hand muscle activities by an average of

51%. The effects of the adapted spray gun were most prominent when working on horizontal surfaces and showed an

average reduction of 401 of wrist flexion and 141 of ulnar deviation as compared to the standard pistol grip spray gun in

this activity.

Relevance to industry

The ergonomic intervention research described in this report documents a reduction in exposure to risk factors for

upper extremity cumulative trauma disorders for three work activities in the furniture manufacturing industry. r 2002
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1. Introduction

Cumulative trauma disorders of the upper
extremity continue to be a problem for many in
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the manufacturing sector. The statistics describing
the incidence of carpal tunnel syndrome (CTS) and
tendinitis show that the furniture manufacturing
industry also has experienced these types of
problems. On average, CTS incidence rates for
the furniture manufacturing industry are 10.64/
10,000 workers (as compared to 8.8 for the
manufacturing industry and 4.36 for all private
sector industries) and tendinitis incidence rates are
7.62/10,000 workers (as compared to 6.56 for the
manufacturing industry and 2.88 for all private
sector industries) (BLS, 1992–1996).
Furniture workers have exposure to many of the

recognized occupational risk factors for upper
extremity cumulative trauma disorders: overhead
work, static shoulder postures, pinch grips, vibrat-
ing hand tools, awkward wrist postures (both
radial/ulnar deviation and flexion/extension), high
grip force, and repetitive hand/wrist motions
(Bovenzi et al., 1991; Osorio et al., 1994; Silver-
stein et al., 1987; Sommerich et al., 1993; Tanaka
et al., 1995). Unfortunately, there is little literature
specifically related to work-related musculoskele-
tal injuries/illnesses among furniture industry jobs
or related to interventions aimed towards
the prevention of these disorders among these
workers.
There are three control strategies at the disposal

of practising ergonomists: engineering controls,
work practice controls and administrative con-
trols. The OSHA final rule (Federal Register,
2001) defines engineering controls as ‘‘y controls
that physically change the job in a way that
controls or reduces MSD hazards’’. It goes on to
say that ‘‘work practice controls involve proce-
dures and methods for safe work’’. Finally, the
final rule states that ‘‘Administrative controls are
work practices and policies implemented by the
employer that are designed to reduce the magni-
tude, duration, and/or frequency of employee
exposure to risk factors by changing the way work
is assigned or scheduled (p. 68360).’’ Engineering
controls include workstation modifications,
changes to the tools or equipment, and altering
production processes. Work practice controls
include use of neutral positions or postures
(keeping wrists straight, lifting close to the body)
and team lifting. Administrative controls include

employee rotation and job enlargement. The final
rule goes on to say that ‘‘yengineering controls
are the preferred method of controlling MSD
hazards in cases where these controls are feasible.
In contrast to administrative and work practice
controls or personal protective equipment (PPE),
which traditionally have occupied lower tiers of
the hierarchy, engineering controls fix the problem
once and for all (p. 68360).’’ This is not to say
that work practice and administrative controls
do not have their place. In some instances, this is
the only reasonable/feasible solution. But what it
does say is that, given the choice, engineering
controls are preferred since they have the ability to
reduce stress at the source instead of reducing
levels of exposure or relying on the individual
operator to monitor the ergonomics of their
activity. With these principles in mind, the specific
objectives of this intervention research project
were to develop and evaluate engineering
controls for the reduction of upper extremity
injury risk in workers in the furniture manufactur-
ing industry.

2. Methods

Analysis of the industry-provided OSHA Form
200 logs and surveys of industrial participants
(details appearing in Mirka et al., 2002) revealed
that upholsterers, users of random orbital sanders
and users of spray guns were at elevated risk for
hand and wrist problems. Biomechanical analysis,
both on-site and videotape, of these tasks revealed
the specific risk factors for each job type. The
principle risk factors for hand/wrist stress in
upholsterers were the repetitive (up to 40 pinches/
min), forceful (up to 65N of pinch force) and static
pinch grip exertions performed by the operators’
non-dominant hand (Fig. 1a). Specifically, the
operators would pull the fabric to a specified
tension with their non-dominant hand using a
pinch grip between their thumb and index finger
and then would secure the fabric using staple gun
held in their dominant hand. The operators would
then release the grip on the fabric and move their
hand down toB5 cm and repeat the process. Each
one of these grips required a forceful pinch grip
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and the repetition rates often exceeded 2 grips/s.
The operators complained of pain in the fingers,
wrists and forearm of the fabric-pulling hand.
An analysis of the jobs requiring use of the

spray guns revealed that these spraying activities
often generated extreme wrist flexion (up to 401 of
flexion) and ulnar deviation (up to 201 of ulnar
deviation). This was particularly problematic when
these workers were spraying on the large horizon-
tal surfaces (like the tops of desk, tables, con-
ference tables, etc.) (Fig. 2a). In addition to these
postural risk factors for the wrist, repetitive trigger
activations and significant shoulder forces to
support the weight of the spray guns and the
hoses (B15–20N) were noted. In most cases, this
is the only task that the workers perform,

indicating an extended exposure to these risk
factors.
An analysis of jobs requiring the continuous use

of the random orbital sander highlighted two
principle risk factors for hand/wrist/forearm
fatigue and discomfort: static grip force and
exposure to vibration. When using the sander,
the operator would use significant hand-grip force
for extended periods of time (up to 30min of
continuous gripping) as they sanded the piece
(Fig. 3a). Further, due to the non-symmetrical
nature of the rotation of a random orbital sander,
significant vibration exposure exists. In many
cases, this is the only task that the workers
perform throughout the workday, indicating an
extended exposure.

Fig. 1. Upholstery fabric-pulling techniques: (a) standard pinch grip technique, (b) prototype 1 (spring-loaded clamping mechanism),

and (c) prototype 2 (fabric snagging tool).
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2.1. Engineering design of prototypes

The research and design team employed an
iterative prototyping process wherein each ergo-
nomic intervention prototype was subjectively
evaluated in the lab by the research team and in
the field by furniture workers and the results of
these assessments were used to improve on the
design of the intervention. In the case of the
upholstery operation, it was decided that the goal
of the intervention would be to change the
repetitive pinch grips to less frequent power grips.
The first prototype of this intervention utilized a

spring-loaded clamping mechanism with a 6 in
wide nose plate (Fig. 1b). Preliminary field ana-
lyses of this prototype revealed that the size of the
tool made it too cumbersome to be practical in
many upholstery activities and a second-level
prototype that overcame that limitation was
developed (Fig. 1c). The concept behind this
design is that the operator snags the fabric with
the tool and then uses the large muscles of the arm
to generate the fabric-pull force. The benefits of
this design are that it changes the pinch grip to a
power grip, eliminates the prolonged static exer-
tion of the intrinsic hand muscles by utilizing a

Fig. 2. Spray gun techniques: (a) standard pistol grip spray gun posture when spraying a large horizontal surface (such as a desktop)

and (b) in-line spray gun posture (when spraying the same surface).

Fig. 3. Random orbital sander techniques: (a) standard grip technique and (b) interface harness to reduce long duration static grip

force.
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passive holding mechanism, decreases repetition
by covering more linear distance per exertion, and
transfers the necessary grip and pull forces from
the small intrinsic muscles of the hand to the
larger, more powerful muscles of the arm and
shoulder.
The principle risk factors for hand and wrist

problems to be addressed in the spraying opera-
tions were the awkward hand/wrist postures (wrist
flexion and ulnar deviation) and the repetitive and
high trigger forces. A commercially available spray
gun (OMX model, DeVilbiss) appeared to address
these issues. This model is made of a light-weight
composite and has an activation trigger for both a
pistol grip and in-line grip operation (Fig. 2b).
This particular spray gun has been evaluated for
different applications in a previous report (Lee
et al., 1997).
In the development of the intervention for the

random orbital sander, the goal was to reduce the
necessity for the prolonged static grip force
required to hold onto the sander and reduce the
exposure to vibration. During the prototyping
process, different materials were evaluated to
assess their ability to reduce the subjective levels
of vibration in the hand/wrist. Viscolas material
was found to be the best over 20min of continuous
sanding and was therefore chosen as the material
to be sewn into the palm and proximal phlanges of
a glove. To reduce the need for prolonged static
gripping forces, a harness was fabricated to secure
the hand to the sander (Fig. 3b). The harness is
secured to the circumference of the handle of the
sander. From this harness, two Velcro straps wrap
over the top of the operator’s hand and are
secured to a piece of Velcro that is sewn into the
back of the glove. This design allows for good
control of the sander without the operator griping
the tool.

2.2. Laboratory evaluation

2.2.1. Subjects

Eleven subjects (six men and five women) were
recruited from the university population and
provided written consent before participation. All
subjects were in good health and had no serious
musculoskeletal problems. Mean (standard devia-

tion) of some pertinent anthropometric variables
are as follows: forearm circumferenceF26.9 cm
(2.54), hand lengthF18.3 cm (1.27), hand breadthF
8.4 cm (0.82), hand circumferenceF20.7 cm (1.87),
and elbow to finger tipF45.4 cm (2.70).

2.2.2. Apparatus

Electromyography and goniometry were used to
capture the biomechanical performance variables
as the subject performed the experimental tasks.
The time-dependent (100Hz) wrist posture was
captured using two electrogoniometers that were
secured to the subject’s right wrist: one to capture
the time-dependent radial/ulnar position and the
other to capture the flexion/extension position
(Marras and Schoenmarklin, 1993). Integrated
electromyography (IEMG) was used to measure
muscle activity of the flexor digitorum, extensor
digitorum, generalized thenar group, and the first
dorsal interosseous. The processed (amplified,
filtered (10–1000Hz), rectified and smoothed
(100ms moving average)) IEMG data were col-
lected at 100Hz for the duration of each work
activity. In all three experimental tasks, a standard
stopwatch was used to mark the end of the
experimental trial.

2.2.3. Experimental task 1

A simulated upholstery workstation was devel-
oped to create a basic representation of the task of
pulling fabric to a designated tension and then
securing the fabric to a wooden frame (Fig. 4).
Marks were drawn at specific locations along the
length of the fabric to indicate where the subject
was to pull the fabric. Three different weights were
suspended in the fabric on the back side of the
workstation to simulate a range of pull force
requirements (light (20N), medium (40N), and
heavy (50N)) for different fabrics and spring
constants experienced by upholsterers. Subjects
were asked to pull the fabric against this resistance
through a distance of 3–4 cm and then simulate the
stapling activity.
There were two independent variables in this

study: type of grip (pinch grip vs. upholstery tool)
and level of resistance (light, medium and heavy).
There were four dependent variables in this
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studyFthe average normalized IEMG (NIEMG)
of the (1) flexor digitorum, (2) extensor digitorum,
(3) generalized thenar group, and (4) the first
dorsal interosseous.

2.2.4. Experimental task 2

A tubular steel frame (1.4m� 1m� 1.2m) was
built and covered with paper to replicate the large
work pieces encountered by sprayers in the
furniture manufacturing industry (Fig. 5). Using
a technique similar to that employed by Lee et al.
(1997), the subjects were asked to follow a specific
path on four surfaces of the piece. Before
beginning the experiment, the subjects viewed a
videotape that showed sprayers in the furniture
industry performing their work task. The subjects
were instructed to hold the gun approximately
0.75m from the work surface and as close to
perpendicular as possible. The spray path used by
the subject to simulate spraying the whole surface
was illustrated by lines on the work surfaces. The

path on the top and front surfaces were horizontal
while those on the sides were vertical. Each trial
was performed two times.
The independent variables in this study were the

type of spray gun (OMX vs. standard), the vertical
position of the piece, and the surface to be
sprayed. The position of the frame had two levels:
low (resting on the floor) and high (lifted 27 cm off
the floor). The surface to be sprayed had four
levels: 1Fthe top horizontal surface, 2Fthe right
side vertical surface, 3Fthe front vertical surface,
and 4Fthe left side vertical surface. The depen-
dent variables in this study were: (1) the peak ulnar
deviation of the wrist and (2) the peak wrist
flexion.

2.2.5. Experimental task 3

To simulate the conditions of operators using
orbital sanders in the furniture manufacturing
industry, a wooden box was placed on a work-
station. The subjects were instructed to sand with

Fig. 4. Experimental apparatus to test the upholstery handtool.
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the orbital sander using their dominant hand and
move it in a circular motion on the top of the box
and then onto the side of the box (Fig. 6).
The subjects performed this activity using both
the standard technique (no interface) and using the
new sander interface.
The independent variables in this study were the

type of grip used to hold the sander (standard vs.
interface) and the worksurface orientation (hor-
izontal and vertical). The dependent variables in
this study were the NIEMG of the flexor
digitorum and the extensor digitorum muscle
groups.

2.2.6. Complete experimental procedure

The subjects completed all experimental proce-
dures within a 2-h period. The subject was
informed of the experimental procedures and given
written informed consent before participation. The
subject’s skin was then prepared for electrode
placement over the four muscle groups to be

sampled and the electrodes were then placed. Two
electrogoniometers were then attached to the
subject’s wrist using a hypoallergenic, flexible
surgical tape.
The data-collection phase of the experiment

began with the subjects seated and resting their
forearm on a platform that placed the right wrist
in a neutral posture (both planes) and all hand and
forearm muscles relaxed. Data were collected in
this condition and formed the baseline resting
(IEMG) and neutral (goniometers) condition.
Four maximal voluntary exertions (MVE) were
then performed to get a maximum contraction
from each sampled muscle group for normal-
ization purposes. The subject was instructed on
how to perform each MVE and then made to
practice each one. The subject was then asked to
perform each MVE for 2 s and then made to rest
1min before performing the next MVE. The MVE
for the flexor digitorum was achieved as the
subjects made a fist with their right hand, turned

Fig. 5. Experimental apparatus to test the spray guns.

G.A. Mirka et al. / International Journal of Industrial Ergonomics 29 (2002) 275–287 281



their arm to the fully supinated position, and
attempted to roll their fist upward against resis-
tance provided by the other hand. The MVE for
the extensor digitorum was achieved when the
subjects made a fist with their right hand, turned
their arm to a fully pronated position, and
attempted to roll their wrist upward against static
resistance provided by the other hand. The MVE
for the generalized thenar group was achieved by
having the subjects attempt to pull their thumb
across their palm against static resistance provided
by the other hand. The MVE for the first dorsal
interosseous was achieved by having the subjects
attempt to abduct the index finger against the
static resistance provided by the other finger. After
the MVE exertions were completed, the subjects
moved to the mock upholstery workstation and
performed the simulated upholstery operation as
outlined above. Upon completion of this task, the
subjects rested for a period of 5min. They then
moved to the spray gun activity and performed
each trial as outlined above followed by another
5min rest period, after which they moved to the
sander operation and performed it as outlined
above, to complete the experiment.

2.2.7. Data reduction and statistical analysis

The first step in data reduction was to take each
individual file containing the EMG and goni-
ometer data and eliminate those points in time
wherein the subject was not performing the
designated task. The stopwatch data were used
to demark these endpoints. All remaining IEMG
values collected during the experimental trials were
averaged and then normalized with respect to the
muscle-specific maximum values. All remaining
goniometric readings were normalized relative to
the neutral wrist position and returned, through
simple linear regression equations, the two-dimen-
sional deviations of the wrist from neutral. Each
data file was further reduced to the dependent
measures as described in each section above.
ANOVA procedures were performed on this

reduced dataset to identify any significant effect of
the independent variables. In each case above, the
design was that of a mixed-effects model and the
derivation of the appropriate F -statistic was
calculated from the expected mean squares (see
Appendix A). The analysis used ‘‘subject’’ as a
blocking variable to control for the differences
between individuals.

Fig. 6. Experimental apparatus to test the random orbital sander: (a) horizontal orientation and (b) vertical orientation.
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3. Results

The results of the statistical analysis of the data
from all three experiments are shown in Table 1.
These results indicate that each of the ergonomic
interventions had the intended effect on muscle
activity or wrist posture. The results of the analysis
of the upholstery hand tool data revealed a
significant reduction (B51%) in the NIEMG
activity of the intrinsic muscles of the hand
(Fig. 7) when the new hand tool was used, but
no significant effect of the tool on extrinsic muscle
activities. The effects of the OMX spray gun were
slightly more complicated in that there were
statistically significant interactions in this analysis.
The interpretation of these interactions shows that
the OMX spray gun was particularly effective in
reducing wrist flexion (Fig. 8) and ulnar deviation
(Fig. 9) on the top surface when the work piece
was in the raised position, a result consistent with

the design of the tool. Finally, the results of the
evaluation of the random orbital sander interface
showed a 30% reduction in the muscle activity of
the extensor muscle group but little impact on the

Table 1

ANOVA for the ergonomic handtool interventions

ANOVA for Upholstery Handtool Experiment (Experiment 1)

Pull force Tool type Interaction

Average ext EMG F ð2; 20Þ ¼ 1:8 NS F ð1; 10Þ ¼ 1:34 NS F ð2; 20Þ ¼ 0:64 NS
Average flex EMG F ð2; 20Þ ¼ 0:77 NS F ð1; 10Þ ¼ 1:64 NS F ð2; 20Þ ¼ 2:54 NS
Average thenar EMG F ð2; 20Þ ¼ 1:69 NS F ð1; 10Þ ¼ 39:9a F ð2; 20Þ ¼ 0:22 NS
Average FDI EMG F ð2; 20Þ ¼ 9:1a F ð1; 10Þ ¼ 48:3a F ð2; 20Þ ¼ 0:48 NS

ANOVA for the Spray Gun Experiment (Experiment 2)

Surface location Gun type Height Surface� gun Gun�height

Peak ulnar deviation F ð3; 175Þ ¼ 3:15b F ð1; 175Þ ¼ 83a F ð1; 175Þ ¼ 1:31 NS F ð3; 175Þ ¼ 29a F ð1; 175Þ ¼ 7:47a

Peak wrist flexion F ð3; 175Þ ¼ 229a F ð1; 175Þ ¼ 190a F ð1; 175Þ ¼ 1:87 NS F ð3; 175Þ ¼ 166a F ð1; 175Þ ¼ 0:72 NS
Surface�height Gun� surface�height

Peak ulnar deviation F ð3; 175Þ ¼ 3:71b F ð3; 175Þ ¼ 2:16 NS
Peak wrist flexion F ð3; 175Þ ¼ 14a F ð3; 175Þ ¼ 7:91a

ANOVA for the Sander Interface Experiment (Experiment 3)

Surface orientation Interface type Interaction

Average ext EMG F ð1; 10Þ ¼ 4:48 NS F ð1; 10Þ ¼ 7:26b F ð1; 10Þ ¼ 0:24 NS
Average flex EMG F ð1; 10Þ ¼ 6:34b F ð1; 10Þ ¼ 0:12 NS F ð1; 10Þ ¼ 0:24 NS

aSignificant at p=0.01 level.
bSignificant at p=0.05 level.

NSFnot significant.
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activity of the flexor group with the use of the
sander interface (Fig. 10).

4. Discussion

A review of the significant results found in this
experiment finds a strong correlation between the
location of furniture workers’ subjective discom-
fort and the positive changes that resulted from the
interventions. Specifically, the upholsterers often
complain of discomfort (burning, pain, fatigue) in
the non-dominant hand when working with heavy
fabrics or leather, a symptom of overuse of the
intrinsic, pinch grip muscles. The data in this

research suggest that the upholstery hand tool
developed and evaluated in this study removes the
burden from these intrinsic hand muscles as they
perform this repetitive fabric-pulling task. Users of
the random orbital sanders complain of discom-
fort in the back of the forearm with long duration
use of the sanders. The data in this study would
suggest that the interface intervention specifically
reduces the static load burden that those extensor
muscles are asked to carry. Finally, the wrist
flexion and ulnar deviations of the wrist of the
dominant hand in sprayers are risk factors that
have led to reports of wrist discomfort and a
higher-than-average incidence of various hand/
wrist disorders in this worker population. The
modified-design spray gun tested in this study did,
in fact, have a positive impact on these extreme
postures particularly during work on the large
horizontal surfaces such as the surface of a desk or
conference table. While the size of the product
‘‘sprayed’’ in the current study was quite a bit
larger than that of the Lee et al. (1997) study, the
results of the current study support the earlier
findings. These data collectively represent the first
step in the development of useful tools for
reduction of the incidence of work-related muscu-
loskeletal disorders of the upper extremity in the
furniture manufacturing industry. The next step in
our process of intervention development and
evaluation is to assess the effectiveness and efficacy
of these ideas in industrial environments. The data
collected in the laboratory will form the founda-
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tion of our discussions with industry personnel
with the goal being a long-term industry-based
assessment of these tools. Several studies have
shown the importance of participation of the end
users in the ultimate acceptance of any modifica-
tion to the work activity (Laitenen et al., 1997,
1998; Pohjonen et al., 1998; St. Vincent et al.,
1997, 1998; Bohr et al., 1997; Moore and Garg,
1998; Halpern and Dawson, 1997; Lanoie and
Tavenas, 1996). It is our intention to use these
laboratory data to show (to both management
and shop floor workers) the direct relationship
between the discomfort that the workers are
feeling and the nature of the work activities
involved. Further, we will then be able to show
that we have targeted the specific symptoms and
communicate our assessment that these interven-
tions may, in the long run, create a safer and more
productive workplace.
Human beings are creatures of habit and inertia,

particularly when it comes to their livelihood.
Many jobs in the furniture manufacturing industry
are compensated on a piece rate system. Due to
this, workers who are currently satisfied with their
level of compensation will be averse to any type of
suggested change. Unfortunately, it may take a
serious musculoskeletal disorder to make these
workers realize that the short-term financial
benefits that come from this compensation system
often come at a long-term price. Generally,
management is not over-enthusiastic about change
unless they are confronted with very high levels of
worker-compensation costs. Therefore, the goal of
our intervention work is to illustrate, to both the
worker and management, that in the long run, this
change will not only reap safety benefits but
productivity benefits as well. This can only come
through education and part of that education
needs to be the presentation of solid scientific data
showing these benefits.

5. Conclusions

While the ultimate objective of ergonomic
intervention research is the development of tools,
work methods, etc. that result in the reduction of
work-related illnesses and injuries, intermediate

steps are often required to illustrate the effective-
ness and efficacy of these interventions. Often, the
first step in this process is to perform laboratory
evaluations of the intervention to demonstrate that
it is effective in reducing the level of the specific
risk factor determined in the ergonomic task
analysis. The quantitative results from the current
study indicate a significant reduction in the
biomechanical stresses identified in the ergonomic
task analyses of the chosen tasks. The dependent
measures chosen to quantify these effects are well-
correlated, biomechanically, with the subjective
discomfort experienced by these workers giving
motivation for more in-depth field evaluations.
Follow-up field assessments are currently under-
way to further evaluate the effectiveness of these
interventions and to begin our assessment of the
potential efficacy of the intervention, i.e. docu-
menting impediments (negative effects on produc-
tivity, worker resistance to change, intervention
cost, etc.) that might reduce the likelihood of
implementation of the interventions.
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Appendix A. Derivation of test statistics

Experiment 1: upholstery handtool
AFpull force (3 levels) (random effect)
BFtool type (2 levels) (fixed effect)
SFsubject (11 levels) (random effect)

To test the effect of pull force
F -ratio=(SSA/dfA)/(SSAS/dfAS)

To test the effect of tool type
F -ratio=(SSB/dfB)/[(SSSB/dfSB)+(SSAB/
dfAB)�(SSABS/dfABS)]
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To test the effect of pull force� tool type
F -ratio=(SSAB/dfAB)/(SSSAB/dfSAB)

Experiment 2: spray gun
AFgun type (2 levels) (fixed effect)
BFsurface location (4 levels) (random effect)
CFheight (2 levels) (random effect)
SFsubject (11 levels) (random effect)

To test the effect of gun type
F -ratio=(SSA/dfA)/(MSPOOLEDERR)

To test the effect of surface location
F -ratio=(SSB/dfB)/(MSPOOLEDERR)

To test the effect of height
F -ratio=(SSC/dfC)/(MSPOOLEDERR)

To test the effect of gun type� surface
location
F -ratio=(SSAB/dfAB)/(MSPOOLEDERR)

To test the effect of gun type� height
F -ratio=(SSAC/dfAC)/(MSPOOLEDERR)

To test the effect of surface location� height
F -ratio=(SSBC/dfBC)/(SSSBC/dfSBC)

To test the effect of gun type� surface
location� height
F -ratio=(SSABC/dfABC)/(SSSABC/dfSABC)

Experiment 3: sander interface
AFinterface type (2 levels) (fixed effect)
BFsurface orientation (2 levels) (random
effect)
SFsubject (11 levels) (random effect)

To test the effect of interface type
F -ratio=(SSA/dfA)/[(SSSA/dfSA)+(SSAB/
dfAB)�(SSABS/dfABS)]

To test the effect of surface orientation
F -ratio=(SSB/dfB)/(SSSB/dfSB)

To test the effect of interface type� surface
orientation

F -ratio=(SSAB/dfAB)/(SSSAB/dfSAB)

References

BLS, 1992. Table R5: incidence rates for nonfatal occupa-

tional injuries and illnesses involving days away from

work per 10,000 full-time workers by industry and

selected natures of injury or illness, 1992. Bureau of Labor

Statistics.

BLS, 1993. Table R5: incidence rates for nonfatal occupational

injuries and illnesses involving days away from work per

10,000 full-time workers by industry and selected natures of

injury or illness, 1993. Bureau of Labor Statistics.

BLS, 1994. Table R5: incidence rates for nonfatal occupational

injuries and illnesses involving days away from work per

10,000 full-time workers by industry and selected natures of

injury or illness, 1994. Bureau of Labor Statistics.

BLS, 1995. Table R5: incidence rates for nonfatal occupational

injuries and illnesses involving days away from work per

10,000 full-time workers by industry and selected natures of

injury or illness, 1995. Bureau of Labor Statistics.

BLS, 1996. Table R5: incidence rates for nonfatal occupational

injuries and illnesses involving days away from work per

10,000 full-time workers by industry and selected natures of

injury or illness, 1996. Bureau of Labor Statistics.

Bohr, P.C., Evanoff, B.A., Wolf, L.D., 1997. Implementing

participatory ergonomics teams among health care workers.

American Journal of Industrial Medicine 32 (3), 190–196.

Bovenzi, M., Zadini, A., Franzinelli, A., Borgogni, F., 1991.

Occupational musculoskeletal disorders in the neck and

upper limbs of forestry workers exposed to hand arm

vibration. Ergonomics 34 (5), 547–562.

Federal Register, 2001. Part II: Department of Labor, 29 CFR

Part 1910: 65768–66078.

Halpern, C.A., Dawson, K.D., 1997. Design and implementa-

tion of a participatory ergonomics program for machine

sewing tasks. International Journal of Industrial Ergo-

nomics 20 (6), 429–440.

Laitinen, H., Saari, J., Kuusela, J., 1997. Initiating an

innovative change process for improved working conditions

and ergonomics with participation and performance feed-

back: a case study in an engineering workshop. Interna-

tional Journal of Industrial Ergonomics 19 (4), 299–305.

Laitinen, H., Saari, J., Kivisto, M., 1998. Improving physical

and psychosocial working conditions through a participa-

tory ergonomic processFa before–after study at an

engineering workshop. International Journal of Industrial

Ergonomics 21 (1), 35–45.

Lanoie, P., Tavenas, S., 1996. Costs and benefits of preventing

workplace accidents: the case of participatory ergonomics.

Safety Science 24 (3), 181–196.

Lee, C.C., Nelson, E., Davis, K.G., Marras, W.S., 1997. An

ergonomic comparison of industrial spray paint guns.

International Journal of Industrial Ergonomics 19, 425–435.

Marras, W.S., Schoenmarklin, R.W., 1993. Wrist motions in

industry. Ergonomics 36 (4), 341–352.

Mirka, G.A., Smith, C.A., Shivers, C., Taylor, J., 2002.

Ergonomic interventions for the furniture manufacturing

industry: Part IFlift assist devices. International Journal of

Industrial Ergonomics, submitted for publication.

Moore, J.S., Garg, A., 1998. The effectiveness of participatory

ergonomics in the red meat packing industryFevaluation of

a corporation. International Journal of Industrial Ergo-

nomics 21 (1), 47–58.

G.A. Mirka et al. / International Journal of Industrial Ergonomics 29 (2002) 275–287286



Osorio, A.M., Ames, R.G., Jones, J., 1994. Carpal–tunnel

syndrome among grocery store workers. American Journal

of Industrial Medicine 25 (2), 229–245.

Pohjonen, T., Punakallio, A., Louhevaara, V., 1998. Participa-

tory ergonomics for reducing load and strain in home care

work. International Journal of Industrial Ergonomics 21

(5), 345–352.

Silverstein, B.A., Fine, L.J., Armstrong, T.J., 1987. Occupa-

tional factors and carpal–tunnel syndrome. American

Journal of Industrial Medicine 11 (3), 343–358.

Sommerich, C.M., Mcglothlin, J.D., Marras, W.S., 1993.

Occupational risk-factors associated with soft-tissue dis-

orders of the shoulderFa review of recent investigations in

the literature. Ergonomics 36 (6), 697–717.

St Vincent, M., Kuorinka, I., Chicoine, D., 1997. Assimilation and

use of ergonomic knowledge by nonergonomists to improve

jobs in two electrical product assembly plants. Human Factors

and Ergonomics in Manufacturing 7 (4), 337–350.

St Vincent, M., Chicoine, D., Beaugrand, S., 1998. Validation

of a participatory ergonomic process in two plants in the

electrical sector. International Journal of Industrial Ergo-

nomics 21 (1), 11–21.

Tanaka, S., Wild, D.K., Seligman, P.J., Halperin, W.E., Behrens,

V.J., Putz-Anderson, V., 1995. Prevalence and work-related-

ness of self-reported carpal–tunnel syndrome among United-

States workersFanalysis of the occupational-health supple-

ment data of 1988 National-Health Interview Survey. Amer-

ican Journal of Industrial Medicine 27 (4), 451–470.

G.A. Mirka et al. / International Journal of Industrial Ergonomics 29 (2002) 275–287 287


	Ergonomic interventions for the furniture manufacturing industry. Part II-Handtools
	Relevance to industry
	Introduction
	Methods
	Engineering design of prototypes
	Laboratory evaluation
	Subjects
	Apparatus
	Experimental task 1
	Experimental task 2
	Experimental task 3
	Complete experimental procedure
	Data reduction and statistical analysis


	Results
	Discussion
	Conclusions
	Acknowledgements
	Derivation of test statistics
	References


