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Musculoskeletal disorders may affect labor efficiency, cause disability, impair one’s work ability, and lower one’s quality of life. This
consequently leads to a larger expenditure of medical resources. We aimed to design easy-to-open assistive devices for pneumatic
tube systems to improve ergonomics and reduce musculoskeletal complaints of workers. We followed a design control process,
including designs of motors, gears, sensors, and V-shaped connecting rods. Efficacy was evaluated by examining risks based on
job strain index, user satisfaction, and musculoskeletal complaints of operators before and after the system’s implementation on
a Nordic musculoskeletal questionnaire. We designed three assistive devices: two semiautomatic and one automatic. Each
semiautomatic device costs about 300 US dollars and required space of 10 x 18 x 38 cm>. The automatic device costs about 3000
US dollars and required space of 28 x 38 x 50 cm®. The job strain index score decreased from 36 (very high risk) to 3 (low risk)
with the semiautomatic devices and to 0 with the automatic device. Musculoskeletal complaints in the neck and upper limbs
were reduced, with a significantly higher satisfaction rate for female operators. Our novel design of an automatic cap opening
device for a pneumatic tube system was effective in improving ergonomics and reducing musculoskeletal complaints.

1. Introduction

Work-related musculoskeletal disorders (WRMSDs) are
common health problems, and the number of WRMSD cases
is increasing in workplaces [1]. Occupational injuries caused
by repetitive motion have resulted in workplace absences
with a median of nine working days per year, costing indus-
tries US$ 13-20 billion per year [2]. According to the Occu-
pational Safety and Health Statistics by the Ministry of Labor
of Taiwan, about 40% of WRMSDs are work-related [3].
These injuries can be caused by overexertion, awkward work
posture, repetitive work, or a lack of proper rest. The number

of cases of injury to the arm, shoulder, and neck has been
growing significantly, accounting for the largest proportion
of labor insurance payments [1]. Musculoskeletal disorders
may affect labor efficiency, cause disability, impair one’s work
ability, and lower one’s quality of life. This can consequently
lead to a larger expenditure of medical resources. For these
reasons, the prevention of WRMSDs has become an impor-
tant issue for occupational health and safety.

Previous studies have shown that laboratory personnel
who use pipettes have elevated risk factors for carpal tunnel
syndrome [4]. A review of WRMSDs has been undertaken
among medical laboratory professionals [5]. A review of
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FiGgure 1: Flowchart.

nonpowered hand tool improvement research indicated that
the orientation of hand locations also causes various health-
related problems [6]. Repetitive, hand-intensive movements
contribute to the development of hand/wrist WRMSDs [7].
Studies have reported that opening processes can be
improved using human factors engineering [8, 9].

A pneumatic tube system (PTS) has been the conven-
tional method of transporting medical records, medicines,
specimens, or blood bags for many years. In a hospital with
2700 beds, the number of daily transports can reach 1600
and may exceed 680,000 times per year. The PTS transports
goods up to 5 kg in weight in a carrier through a tube network
within the whole hospital, across long distances, and to all
floors. The use of the PTS as a transport tool can significantly
shorten transport times and reduce labor costs. Nevertheless,
the repeated movement associated with opening the cap with
an overly opened palm arc often causes cumulative musculo-
skeletal occupational disorders. The new 6-inch (diameter:
16 cm) pneumatic tube carrier (Swisslog TranspoNet system,
Westerstede, Germany) can transport a larger volume of
products than the old 4-inch device. The increased diameter
and weight of the pneumatic tube carrier cap make it harder
for operators with smaller hands to open the cap. Generally,
pneumatic tube carriers are circular, smooth, and wide in
diameter and lack a fulcrum point. When operators open
the cap with an overly opened palm arc, the force of the tor-
que increases, facilitating repeated movements, often causing
cumulative musculoskeletal occupational disorders, as men-
tioned by Gerr et al. [10].

This study applied the design control process [11] as a
framework, and we referred to a document called “Applying
Human Factors and Usability Engineering to Optimize Med-

ical Device Design and Design Control Guidance for Medical
Device Manufacturer” [11-15]. The Food and Drug Admin-
istration’s Design Control process includes user research
(observation and interview), as well as clinical, technical,
and business requirements. During the daily work routine,
we found that operating the PTS may create and aggravate
disorders of the hands of the operators. First, we identified
the cause by conducting a general survey of musculoskeletal
occupational disorders.

Previous studies showed that assistive devices can help
people with severe disabilities and patients with hand disor-
ders to open jars [8, 9]. The goal of this study aligned with
the concepts of ergonomics—obtaining a good match
between the worker and the job. Using human factors engi-
neering and usability, we conducted an overall assessment
for validation and verification during various stages of devel-
opment and the implementation of a novel user-friendly
automatic cap opening device for pneumatic tube carriers.
We aimed to design easy-to-open assistive devices for pneu-
matic tube systems (PTSs) to improve ergonomics and
reduce the musculoskeletal complaints of workers.

2. Materials and Methods

In this study, we first conducted a general survey about mus-
culoskeletal occupational disorders to identify the task that
could cause such disorder; then, we applied the waterfall
model in developing assistive devices for the said task. Dur-
ing the developing process, a satisfaction survey and JSI
assessment were conducted for each generation of devices.
The flow chart is shown in Figure 1.
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TaBLE 1: Nordic musculoskeletal questionnaire.
working environment.

You need to assist with the musculoskeletal symptoms questionnaire to improve your

Category Options
Your gender: Male Female
) 20-29 years 30-39 40-49 ~ >60 years
Your age: old years old  years old 50-59 years old old
Which hand do you usually use? Right Left
Average of hours worked: hours/da 4 hours/da 8 ’ 10 hours/da 12
8 ’ Y Y hours/day hours/day Y hours/day
Your total years of work in our hospital: years 0to2 3to5 6 to 10 11 to 15 16 to 20 >20
Workplace Safety
In the last six months, do you have the most Taking the - Opening  Closing  Opening the Using the Drawing .. .
. s test tube the PTS the PTS transported Pipetting
obvious hand/wrist discomfort at work? . . computer  blood
rack carriers carriers bag
Decappin: Taking
In the last six months, do you have the most Pushing a t}}:f 8 the Others
obvious hand/wrist discomfort at work? work car . medical
specimen oo

Do you need to use PTS at work in the past six Yes (please continue with

No (please skip the question, physical pain symptoms, other

months? the following questions) items are not applicable)
The approximate frequency at which you 25 times 25. to 49 50. to 99 100' to 149 150. to 200 Other N/A
perform the PTS per day times times times times
Have you ever experienced the following The PTS Feel the PTS
. O Hard to Hand o

problems when you are performing the PTS  carrier is not appl damage  CATTier is too Others N/A
carrier? (Multiple choice) easy to open PPYY 8 heavy
How satisfied are you with the past use of the Very . . . Very
PTS (small PTS carrier)? satisfied Satisfied Fair Unsatisfied unsatisfied N/A
How satisfied are you with the current use of Very . . . Very
the PTS (large PTS carrier)? satisfied Satisfied Fair it unsatisfied N/A
Have the following problems been improved The PTS
after improving the PTS mode? (Please check  carrier is not Hand force  Hand No N/A Other

o . is not easy  damage
with improvement questions) easy to open
What is your satisfaction with the current Yery Satisfied Fair Unsatisfied Vefy N/A
improvement? satisfied unsatisfied

Symptoms of physical pain

* the following questions to ask about your recent physical pain. % the term "pain” in the

question means:

For discomforts such as soreness, tenderness, tingling, or numbness that last more than a

day, please read the descriptions carefully and recall their answers, and if there is no pain,

click in the "O" in front of "No".

Neck

Have you ever had pain or soreness or
discomfort in your neck in the past year?

None (Please skip the question, shoulder, other items
are not applicable)

Yes (please continue with the
following questions)

Did pain in the neck area affect your normal life
or work over the past year?

No Yes N/A

Have you had any pain in your neck in the past
week?

No Yes N/A

Shoulder

Have you ever had pain or soreness or
discomfort in your shoulders in the past year?

None (Please skip the question, elbow, other items are

Yes, on
both sides.

Yes,

Yes, left. right.

not applicable)
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TaBLE 1: Continued.

Category Options

Did pain in the shoulder area affect your

normal life or work over the past year? No Yes N/A

Have you also had pain in your shoulder in the

past week? No Yes N/A

Elbow

Have you ever had pain or soreness or

discomfort in the elbow position in the past None (Please skip the questlon., wrist/hand, other items  Yes, .on Yes, left. Yes,

year? are not applicable) both sides. right.

Did pain in the elbows affect your normal life or No Yes N/A

work over the past year?

Have you had any pain in your elbow in the No Yes N/A

past week?

Wrist/Hand

Have you ever had pain or soreness or None (Please skip the question, upper back, other items ~ Yes, on Yes,
. . . - ; . Yes, left. .

discomfort in your wrist/hand in the past year? are not applicable) both sides. right.

Did pain in the wrlsF/hand area affect your No Yes N/A

normal life or work in the past year?

Do you have any pain in your wrist/hand in the No Yes N/A

past week?

Upper back

Have you ever had pain or soreness or None (Please skip the question, lower back/waist, other Yes

discomfort in your upper back in the past year? items are not applicable)

Did upper back pain affect your normal life or No Yes N/A

work over the past year?

Have you had pain in your upper back in the No Yes N/A

past week?

Lower back/waist

Have you ever had lower back/lower back pain None (Please skip the question, hip/thigh, other items Yes

or soreness or discomfort in the past year? are not applicable)

Did lowe.r back/lower bz.ick pain affect your No Yes N/A

normal life or work during the past year?

Have you had lower back/lower back pain in No Yes N/A

the past week?

Hips/Thighs

Have you ever had hip/thigh pain or soreness or  None (Please skip the question, knee, other items are Yes

discomfort in the past year? not applicable)

Did h1p/th1gh pain affect your normal life or No Yes N/A

work during the past year?

Do you have hip/thigh pain in the past week? No Yes N/A

Knees

Have you ever had knee pain or soreness or None (Please skip the question, ankle/foot, other items Yes

discomfort in the past year? are not applicable)

Did knee pain affect your normal life or work

over the past year? No Yes N/A

Have you had knee pain in the past week? No Yes N/A
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TaBLE 1: Continued.

Category

Options

Ankles/Feet

Have you ever had ankle/foot pain or soreness
or discomfort in the past year?

None (Please skip the question, wrist/hand symptom,
other items are not applicable)

Yes

Did ankle/foot pain affect your normal life or

work over the past year? No N/A
Do you have ankle/foot pain in the past week? No N/A
Wrist/Hand Symptoms
Have you ever had to change work or daily

L . . No
activities because of hand/wrist pain?
How long has your hand/wrist pain lasted in 8 to 30 More than 30 There S

0 days 1 to 7 days days, but not  pain every
the past year? days .
every day pain day.
Would you need to reduce work or housework No
in the past year because of hand/wrist pain?
Do you need to reduce leisure activities in the No
past year due to hand/wrist pain?
How much time have you spent in the past year 81030  More than 30
unable to do work or housework because of 0 days 1 to 7 days
. . days days

hand/wrist pain?
Have you ever needed medical attention in the No

past year because of hand/wrist pain?

Taken together, your recommendations are:

Thank you for your advice!

2.1. Subjects. The protocol of this study is in accord with the
Helsinki Declaration of 1975, as revised in 2008, and was
approved by the institutional review board of the National
Taiwan  University = Hospital  (approval = number
201805101W). Responding to the questionnaire was volun-
tary and considered consent for participation since 2015 to
2019. During a meeting, we invited all 181 employees at the
Department of Laboratory Medicine of National Taiwan
University Hospital to fill in the survey online voluntarily.
A total of 135 employees responded, and 57 of those
employees who operated the PTS took part in the remainder
of the study. Of these 57 participants, 38.6% were male and
61.4% were female and the age range was 20-59 years. The
years of experience was 3-10 years, the working hours were
8 hours per day, and most participants were right-handed.

After production, the assistive devices were given to the
operators to use in their daily work routines.

2.2. Methods

2.2.1. The Design Evolution Process. We first conducted a
general survey of musculoskeletal occupational disorders
to identify tasks that could cause such disorders and then
we applied the waterfall model [16, 17] to develop assistive
devices for these tasks. During the developing process, a
satisfaction survey and strain index (SI) assessment were
administered for each generation of devices. The design

process also included the following steps: (a) literature
review of pneumatic tube carriers, WRMSDs, and ergo-
nomics; (b) opinions of the users from the hospital; (c)
competitive product benchmarking; (d) concept develop-
ment and ergonomic testing; (e) user testing and feedback;
and (f) product evolution and improvement.

2.3. Survey. Three surveys were administered in this study.
The data were collected from a training management system
and field questionnaires with the design of assistive devices.
Each survey included close-ended questions about musculo-
skeletal symptoms (Nordic musculoskeletal questionnaire),
satisfaction degree (5-point Likert scale) on the new opening
process, preference for the assistive devices, and open-ended
questions on reasons and suggestions. The survey items are
listed in the Table 1.

The interval between each survey was approximately 1
year + 1 month due to the research and development process.
The same demonstrator trained operators in using the device
in groups of approximately five, and then, the operators filled
in the survey within two weeks.

2.3.1. Feedback Loops between the Processes and Outcome
Design. Global regulations provided a standard method to
design and develop the device based on the needs and
requirements of the users [15, 16]. The assistive devices
were designed under the consideration of occupational
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FIGURE 2: Results of the survey on uncomfortable hand movements.

environments and user requirements. We analyzed the
hand movements and exertion when opening the caps
and developed customized, innovative, assistive devices
that fitted the needs of the operators.

2.4. Ergonomic Risk Assessment. The job strain index (JSI)
was applied to evaluate hand/wrist postural risks to the
worker. Three operators perform 3 cycles. Videos were
played forward and backward by 2 rehabilitation therapists
to reach a consensus and scrutinize six factors: the intensity
and duration of exertion, efforts/minute, hand/wrist posture,
the speed of work, and duration per day. The JSI was deter-
mined by adding scores for these six factors. A JSI assessment
was carried out each time an accessory was completed. The
risk was divided into four levels: (a) lower than 3 as safe;
(b) 3 to 5 as uncertain; (c) 6 to 7 as some risk; and (d) higher
than 7 as hazardous according to various index values for
each item [15].

2.4.1. Measures of Pushing Force. We used the DBU-120A
test procedure instead of hand torque during the opening
phase, whereby the DBU-120A controller (Kyowa Electronic
Instruments Co., Tokyo, Japan) and a computer were con-
nected and parameters configured, and thereafter, the oper-
ating status of the controller was monitored.

2.5. Statistical Analyses. In the symptoms of physical pain in
the Nordic musculoskeletal questionnaire, we use the Pear-
son chi-square test. The alpha level was set at 0.05. In the sat-
isfaction survey, we used a 5-point Likert scale rating with the
following ranges: 1 =very unsatisfied, 2 = unsatisfied, 3 = fair,
4 =satisfied, and 5= very satisfied. The differences among the
five operation methods, hand, sucker, push-open, rotate-
open, and automatic cap opening device, were compared
using Fisher’s exact test. These operation methods were
trialed across the same participants. Satisfaction rate =
numerator (very satisfied + satisfied)/denominator (gender).
The difference between males and females was assessed with
a Bonferroni correction for multiple comparisons. All data
analyses were performed using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA).

3. Results

3.1. Observation. We found that repetitive opening and no
force support points were risk factors. The assistive devices
should be designed and revised from the user’s point of view
following the design control process. The predesign survey
results from 135 participants and the 57 participants who
operate PTS in this study are shown in Supplementary
Table S1.

The questionnaire results indicated that 57% of partici-
pants believed that one of the reasons for hand discomfort
was opening the PTS carriers and 36% believed it was due
to closing the PTS carriers (Figure 2). This result formed
the motivation for our research. A focus group was formed
comprising PTS operators. We used the Nordic musculoskel-
etal questionnaire to survey the use of assistive devices for the
PTS. We conducted interviews and efficacy assessments for
the cap opening device design. We considered the special
requirements of the device including transportation of sam-
ples, blood bags, and medicines between the Department of
Medical Records, the pharmacy, the blood banks, nursing
stations, and the Department of Laboratory Medicine.
Responses included the following: “After using the computer
for a prolonged period of time, the hands of operators are
already in pain, and opening PTS caps make the pain even
worse.” and “For those with smaller hands, it is very labori-
ous to open caps. Especially, the new PTS is tighter and more
difficult to operate.”

3.2. Ergonomic Devices. We looked for a commercially avail-
able product suction cup that could be used to open the car-
rier. Then, we evaluated three different newly developed
assistive devices, including semiautomatic assistive devices
named as follows: (A) push-open, (B) rotate-open, and (C)
automatic cap opening devices (Figure 3). The structures of
(A) and (B) included a rail in the front; they were made of
stainless steel and were tailored to the height and diameter
of the pneumatic tube carriers. Type (A) pushed the carriers
forward, which could reduce the effort needed to push the lid
away. Type (B) pushed the carriers along the rail to a fixed
point with a rotational effort to open the cover. The structure
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FiGure 3: Continued.
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specially designed

Two motors in the
V-type linkage

Infrared barcode
identification

(d)

F1GURE 3: Three newly developed assistive devices, including (a) a push-open semiautomatic assistive device, (b) a rotate-open semiautomatic
assistive device, and (c) a cap opening automatic device. (d) The structure of type (C): (a) canning position with the bottle cap shaft and
specially designed open can pusher; (b) all work is done using only two motors in the V-type linkage design; (c) infrared barcode
identification can opening position design; user self-completion of rapid barcode installation.

of type (C) included the open position and cap shaft by a spe-
cially designed open pusher. The V-shaped connecting rods
were designed to complete the work using two motors and
gear wheels. We designed an infrared barcode scanner to
open the cap, and users could quickly complete the barcode
installation themselves. The assistive devices were tested by
the operators, and a satisfaction survey was administered.
The PTS carrier was placed and automatically sensed by
infrared barcode positioning, while the pushrod completed
the open cover (Supplementary video (available here)).

3.3. Musculoskeletal Symptoms. The Nordic musculoskeletal
questionnaire is included in the Table 1. Pain in the wrist/-
hand (64.5%) was second only to shoulder (78.3%) and neck
pain (65.9%) in the musculoskeletal questionnaire. Figure 4
shows the number of cases with soreness in the past year,
the number of cases where the soreness has affected work,
and cases still sore in the past week. After the improvement
of assistive devices, the rate of shoulder discomfort had
dropped from 78.3% to 50.7%, and the soreness that affects
work had also dropped from 51.5% to 24.6%. The wrist/hand
complaints had dropped from 64.5% to 53.9%, and the sore-
ness that affects work had also dropped from 44.9% to 26.2%.
There was a tendency of the reduction of soreness after 3
years, especially in the upper limbs (Figure 4).

3.4. Satisfaction Survey. The satisfaction survey showed that
all improvement devices were better than the original bare-
handed opening cover (P < 0.0001) (Figure 5). The operator
satisfaction survey showed that satisfaction was excellent
and improved from the sucker device to the semiautomatic
(push-open and rotate-open device) to the automatic easy-
open assistive device. The satisfaction rate increased from 0
to 67.9% in female. The rate of “fair” satisfaction dropped
to zero with the use of the automatic easy-open assistive
device (data not shown). Satisfaction was significantly higher

in females because of their smaller hand size. The improve-
ment was amplified further by the female-dominated sex
ratio, which was approximately 1.6: 1 in this study.

3.5. Job Strain Index. The JSI was calculated by multiplying
six factors. Decomposition of the strain index was calculated
for various cap opening movements (Supplementary
Table S2). Using freehand opening (pretrial), the JSI total
score was 36 (extremely high risk, need to improve
immediately). This decreased significantly to 3 for the use
of push-open and to 1.5 for the use of rotate-open devices
(low risk, safe work). Importantly, the risk score for the
automatic easy-open assistive device dropped to zero. This
suggests a much higher efficacy for our newly developed
assistive devices (Supplementary Table S3). The force
required to use the DBU-120A test program instead of
hand torque during the opening phase was approximately
150N (Figure 6). The waterfall model of our medical device
innovation process map is shown in Figure 7.

3.6. Cost-Effectiveness. We could not find any appropriate
easy-open devices after searching for all commercial prod-
ucts. To build a device for automatic unloading of PTS, the
cost would be at least US$ 65,000. The required space for
the original system was approximately 70 x 80 x 220 cm?,
and the original system could not transport blood bags. The
innovative semiautomatic assistive devices developed in this
study cost about US$ 300, and the required space would be
10 x 18 x 38 cm®. The automatic assistive devices cost about
US$ 3000, and the required space would be 28 x 38 x 50 ¢
m?. Our newly developed devices could be customized
according to the size of the pneumatic tube carriers. The
devices are suitable for different brands and suitable for the
transport of blood bags, specimens, medicines, and medical
records.
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Soreness in the past year
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FIGURE 5: Operator satisfaction survey. *Calculated using Fisher’s exact test (P < 0.0001).
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4. Discussion

We determined that the main cause of soreness with the use
of PTS carriers was associated with the opening and closing
of the carrier. Our search for a suitable commercially avail-
able product was not successful because the appropriate
product required more specialized accessories, and there
are several steps involved in the use of a PTS carrier. While
we found automatic unloading pneumatic tubes, the cost
was high, and the space required was too large (as men-
tioned in Cost-Effectiveness), rendering installation in gen-
eral hospitals difficult. Therefore, we adopted the steps of a
design control process for auxiliary research and develop-
ment, and each process step was accompanied by a question-
naire to collect feedback from users. We assessed the
functionality of our semiautomatic device, and this allowed
us to optimize the development of a fully automatic auxil-
iary, with the third survey (on the fully automatic device)
showing a hazard factor of 0. This result was also reflected
in the satisfaction survey, with an average 13-fold increase
in satisfaction and an improvement in upper limb discom-
fort. Musculoskeletal symptoms on the shoulder and wrist/-
hand decreased 52.2% and 41.8%, respectively, in the
soreness that has affected work.

In recent years, musculoskeletal disease among workers
in various countries has emerged as one of the most seri-
ous occupational health problems. Previous studies have
found that the risk factors associated with musculoskeletal
disease in the upper extremities were repeated hand move-
ments, unnatural work postures, the use of vibrating hand
tools, higher work pressures, and longer work hours [17].
Reports have shown that work posture or exercise may
affect the occurrence of musculoskeletal disease in the
upper extremities [5]. One study showed that musculoskel-
etal disease occurred in technicians using pipettes [18];
studies have focused on reducing the incidence of
WRMSD [4, 19]. Other studies focused on medical staff
who experience physical discomfort during surgery [20]
and the wrist or hand pain experienced by hospital-based
nurses [21] using the JSI for the assessment of musculo-
skeletal risk factors [22]. Many other studies have used
the JSI assessment of musculoskeletal risk factors [23],
and others have analyzed upper limb disease risk [24]
and robotic-assisted surgery for ergonomics in surgery
[25]. These studies echo our original intention to improve
the incidence of WRMSD.

Operators with smaller palms and joint-related diseases
had significantly improved usage and improved work effi-
ciency with the use of the accessories used in this study. How-
ever, it is inevitable that there are blind spots in the
development of medical equipment. Even if a problem does
not manifest itself in the general population during testing,
this does not mean that people with slightly larger or smaller
hands compared to the average will not experience discom-
fort. Furthermore, we cannot assume that there will not be
problems, as long-term use could still cause harm. Consider-
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ation should be given to the use of sensitive groups (small
palms and related diseases) during product testing to ensure
that the product does not burden the user.

This study had several limitations. First, it was based on
questionnaires; therefore, response bias needs to be consid-
ered. The extent of discomfort may be underreported because
employees with hand injuries might have opted out of this
workstation, such as those with carpal tunnel syndrome or
arthritis. Second, our device was not tailored for different
hand sizes.

4.1. Application of Accessories. The market for our design
concept can expand beyond medical equipment, such as
medicine cans and canned food. The design of this accessory
was not restricted by the factory, such as Sumetzberger
(ROBO System, Sumetzberger, Austria) or Aerocom (Aero-
com Limited, UK), but rather involves only a different way
of opening the cover (model restrictions).

5. Conclusions

In conclusion, we encountered high-frequency repetitions
and unnatural dangerous postures in the workstation and
made improvements. Our devices were able to meet ergo-
nomic standards more effectively than existing PTS devices
(as shown in Figure 7). Our next step will be to seamlessly
connect our automatic device to several PTS outlets. We
hope that through collaboration between different depart-
ments, we can prevent occupational injuries and improve
the workplace environment.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The authors would like to thank the Medical Research
Department of National Taiwan University Hospital and
Taidah Entrepreneurship Center of National Taiwan Univer-
sity for advice and assistance in the evaluation of devices. The
in-hospital research project was funded by National Taiwan
University Hospital (106-003525).

Supplementary Materials

Supplementary Table S1: participant characteristics. Supple-
mentary Table S2: decomposition of the strain index was cal-
culated for various cap opening movements. Supplementary
Table S3: checklist for various newly developed assistive
devices by job strain index. Supplementary video: the auto-
matic easy-open assistive devices for PTS carriers.
(Supplementary Materials)


http://downloads.hindawi.com/journals/bmri/2021/8853602.f1.docx

12

References

(1]

(10]

(11]

[12

(13]

(14]

(15]

WHO Scientific Group on the Burden of Musculoskeletal
Conditions at the Start of the New Millennium, “The burden
of musculoskeletal conditions at the start of the new millen-
nium,” World Health Organization technical report series,
vol. 919, 2003.

Bureau of Labor Statistics, 2014 Nonfatal occupational injuries
and illnesses: cases with days away from work]July 2020, http://
www.bls.gov/iif/oshwc/osh/case/0osch0055.pdf.

Occupational Safety and Health Administration, Statistical
overview of occupational diseases notification network in the
National Occupational Injury and Diagnosis and Treatment
Network in 107April 2020, https://www.osha.gov.tw/1106/
1113/1114/24256/.

K. J. Costello, “The evolution and ergonomics pipetting,”
Laboratoriums Medizin, vol. 36, pp. 533-536, 2005.

P.R. Agrawal, A. G. Maiya, V. Kamath, and A. Kamath, “Work
related musculoskeletal disorders among medical laboratory
professionals: a narrative review,” International Journal of
Research in Medical Sciences, vol. 2, no. 4, pp. 1262-1266,
2014.

R. Jain, M. K. Sain, M. L. Meena, G. S. Dangayach, and A. K.
Bhardwaj, “Non-powered hand tool improvement research
for prevention of work-related problems: a review,” Interna-
tional journal of occupational safety and ergonomics, vol. 24,
no. 3, pp. 347-357, 2017.

A. E.Barr, M. F. Barbe, and B. D. Clark, “Work-related muscu-
loskeletal disorders of the hand and wrist: epidemiology, path-
ophysiology, and sensorimotor changes,” The Journal of
Orthopaedic and Sports Physical Therapy, vol. 34, no. 10,
pp. 610-627, 2004.

U. Lorentzon, G. Bolmsjo, M. Doyle, and D. Carus, “MAGIC-
HAND: a bottle and jar opening machine for people with
severe disabilities,” Geron, vol. 6, pp. 79-88, 2007.

S. Hensler, D. B. Herren, and M. Marks, “New technical design
of food packaging makes the opening process easier for
patients with hand disorders,” Applied Ergonomics, vol. 50,
pp. 1-7, 2015.

F. Gerr, R. Letz, and P. J. Landrigan, “Upper-extremity muscu-
loskeletal disorders of occupational origin,” Annual review of
public health, vol. 12, no. 1, pp. 543-566, 1991.

Food and Drug Administration, Applying human factors and
usability engineering to optimize medical device designJuly
2020, https://www.document-center.com/standards/show/
FDA-APPLYING-HUMAN/history/2016 DRAFT.

Food and Drug Administration, Design control guidance for
medical device manufacturer, 1997, April 2020, https://www
.fda.gov/regulatory-information/search-fda-guidance-
documents/design-control-guidance-medical-device-
manufacturers.

International Electrotechnical Commission, IEC 62366:2007
Medical devices: application of usability engineering to medical
devices, SAI Global, Geneva, Switzerland, 2007.

Association for the Advancement of Medical Instrumentation
(AAMI) Human Engineering Committee, The human factors
design process for medical devices (ANSI/AAMI HE-74:2001),
Association for the Advancement of Medical Instrumentation
(AAMI), Arlington, US, 2001.

Association for the Advancement of Medical Instrumentation
(AAMI) Human Engineering Committee, Human factors engi-
neering — Design of medical devices (ANSI/AAMI HE-75:2009),

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

[25]

BioMed Research International

Association for the Advancement of Medical Instrumentation
(AAMI), Arlington, US, 2009.

M. B. Privitera and D. L. Murray, “Applied ergonomics: deter-
mining user needs in medical device design,” in 31st Annual
International Conference of the IEEE EMBS, Minneapolis,
Minnesota, USA, 2009.

D. Kinsel, “Design control requirements for medical device
development,” World Journal for Pediatric and Congenital
Heart Surgery, vol. 3, no. 1, pp. 77-81, 2012.

K. Fredriksson, “Laboratory work with automatic pipettes: a
study on how pipetting affects the thumb,” Ergonomics,
vol. 38, pp. 1067-1073, 2007.

J. W. Holm, O. S. Mortensen, and F. Gyntelberg, “Upper limb
disorders among biomedical laboratory workers using
pipettes,” Cogent Medicine, vol. 3, pp. 1-19, 2016.

P. S. Gadjradj, K. Ogenio, I. Voigt, and B. S. Harhangi, “Ergo-
nomics and related physical symptoms among neurosur-
geons,” World Neurosurgery, vol. 134, pp. e432-e441, 2020.

I. K. Surawera, V. C. W. Hoe, H. L. Kelsall, D. M. Urquhart,
and M. R. Sim, “Physical and psychosocial factors associated
with wrist or hand pain among Australian hospital-based
nurses,” Injury Prevention, vol. 19, pp. 13-18, 2003.

J. Boyer, J. H. Lin, and C. C. Chang, “Description and analysis
of hand forces in medicine cart pushing tasks,” Applied Ergo-
nomics, vol. 44, no. 1, pp. 48-57, 2013.

S. Park and J. Kim, “A case of extensor pollicis longus (EPL)
tendon rupture in an automotive assembly line worker: an
ergonomic evaluation through job strain index (JSI) and mus-
culoskeletal risk factor survey,” Annals of occupational and
environmental medicine, vol. 31, pp. 1-8, 2019.

J. S. Moore and A. Garg, “The strain index: a proposed method
to analyze jobs for risk of distal upper extremity disorders,”
American Industrial Hygiene Association Journal, vol. 56,
pp. 443-458, 2010.

T. Catanzarite, J. Tan-Kim, E. L. Whitcomb, and S. Menefee,
“Ergonomics in surgery: a review,” Female Pelvic Medicine &
Reconstructive Surgery, vol. 24, no. 1, pp. 1-12, 2018.


http://www.bls.gov/iif/oshwc/osh/case/osch0055.pdf
http://www.bls.gov/iif/oshwc/osh/case/osch0055.pdf
https://www.osha.gov.tw/1106/1113/1114/24256/
https://www.osha.gov.tw/1106/1113/1114/24256/
https://www.document-center.com/standards/show/FDA-APPLYING-HUMAN/history/2016DRAFT
https://www.document-center.com/standards/show/FDA-APPLYING-HUMAN/history/2016DRAFT
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-control-guidance-medical-device-manufacturers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-control-guidance-medical-device-manufacturers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-control-guidance-medical-device-manufacturers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-control-guidance-medical-device-manufacturers

	Evaluation of Newly Developed Easy-Open Assistive Devices for Pneumatic Tube System Carriers for the Reduction of Work-Related Musculoskeletal Disorders
	1. Introduction
	2. Materials and Methods
	2.1. Subjects
	2.2. Methods
	2.2.1. The Design Evolution Process

	2.3. Survey
	2.3.1. Feedback Loops between the Processes and Outcome Design

	2.4. Ergonomic Risk Assessment
	2.4.1. Measures of Pushing Force

	2.5. Statistical Analyses

	3. Results
	3.1. Observation
	3.2. Ergonomic Devices
	3.3. Musculoskeletal Symptoms
	3.4. Satisfaction Survey
	3.5. Job Strain Index
	3.6. Cost-Effectiveness

	4. Discussion
	4.1. Application of Accessories

	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

