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Abstract. Thumb operated deadman switches used in sandblasting machines are
designed to prevent serious bodily injury from unintentional discharge of high
velocity sand. The force required to hold down the switch is significant, causing
fatigue and pain to set in very quickly in operator’s thumb. The objective of this
study was to determine the thumb force capacity and muscle fatigue curves for
thumb flexion, applicable for design of these devices. Maximum thumb pressing
force (MTPF) and endurance times (ET) for holding down at force levels of 10, 20,
40, and 60% of MTPF were measured from 10 male and 10 female participants in
a laboratory experiment. The best fit curves of ET as a function of %MTPF were
modeled with R2 > 95%. These models should be used in matching the worker
strength capacity to the thumb force requirements in deadman switch design to
improve safety standards in sandblasting.
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1 Introduction

Sandblasting machines use a compressed air source connected to a container of sand,
and a flexible hose with a hand-held nozzle to propel high velocity sand on a surface for
cleaning or removing paint or rust etc. Apart from the health risks from dust inhalation,
silicosis and high level of noise, accidental body contact with the sand discharge can
develop serious injuries and death [1]. This type of accident can happen if the operator
loses balance or trip on an uneven floor while sandblasting. To prevent such accidents,
blast nozzles are equipped with a deadman switch that cuts of sand discharge in the event
the nozzle is accidentally released from the operator’s hand. Deadman switch shuts off
the equipment when theworker is not holding it down.When it is properly used, a worker
who drops a hose is protected because the flow of abrasive material is stopped by the
switch not being held down. However, in some cases, workers bypasses the switch, and
this can result in the equipment not shutting off, and the hose can spray everybody in
the vicinity. Occupational Safety and Health Administration (OSHA) [2] mandates that
“the blast cleaning nozzles shall be equipped with an operating valve whichmust be held
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open manually”. An accident search in OSHA website with a keyword “sandblasting”
[3] reveals a number of similar accidents in recent years with serious injuries and death.

A typical electrical deadman switch uses a thumb operated trigger (Fig. 1a) that
needs to be actively pressed down (Fig. 1b) to maintain the sand discharge. The inch
long trigger is stiff and guarded from two sides to prevent discharge if the nozzle is
accidentally dropped from hand. This trigger creates a significant and static force on
the user’s thumb, and fatigue sets in very quickly. This muscle fatigue manifests as pain
in the thumb muscles under static tension. To avoid pain, many operators modify these
deadman switches by taping the trigger in an open position or placing a rock under the
switch forcing it into an open position. Either of these two methods creates risk in the
event of an accident.

Fig. 1. (a) A Typical electrical deadman control switch; (b) assembled sandblasting hose with the
deadman control switch.

Clearly the safety problem is related to thumbmuscle fatigue. The only thumb fatigue
model found in literature was developed byChoi et al. [4] for physiotherapist’s work, and
pipette-based laboratory work. The thumb positioning and the muscle group involved in
their study were entirely different from operating a “deadman” switch in sandblasting.
Many othermuscle fatiguemodels, reviewed by El Ahrache et al. [5], were developed for
different large muscle groups. Their review reported remarkable variances between ET
values for differentmuscle groups. Thus noneof themuscle fatigue data are applicable for
deadman switch design. This lack of data in thumb muscle fatigue means that engineers
designing these deadman switches do not have appropriate baseline of human capabilities
to reference. Thus objective of this study was set to determine relationship between ET
and the submaximal thumb pressing force (in terms of %MTPF) applicable to deadman
switch design, with a goal to improve safety of sandblasting operation.
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2 Methods

2.1 Participants

The experimental study was approved by the Institutional Review Board. Ten male and
ten female subjects participated in this study with mean (standard deviation) of age 31
(11) years, height 67.3 (3.9) inches and weight 148.7 (33.3) lbs. Only healthy adults
with no contraindicated health conditions or history of pre-existing thumb, hand or wrist
injury, were eligible to participate in the study. The participants were paid $20 for their
service.

2.2 Apparatus and Data Collection

A Datalog module (MVX8), a Pinch-meter (P200) and Datalite data acquisition system
(Biometric Ltd.) were used to collect thumb force and holding time data. Participants
pressed on the Pinch-meter (Fig. 2a) by the thumb area, between the interphalangeal joint
and the middle of their nail plate, while keeping the wrist straight. The data acquisition
software displayed real-time thumb force data on a moving timeline on the computer
screen (Fig. 2b). The pinch-meter was calibrated prior to data collection.

Fig. 2. (a) Pinch meter (P 200, Biometric Ltd.) is pressed by thumb, and (b) thumb force level
display over time line for %MTPF trials.

2.3 Experimental Procedure

At the beginning of the experimental trial, the MTPF of a participant was measured over
a duration of 4 to 6 s. The measurement was repeated three times with two minute rest
pauses between trials. The maximum from these three trials was taken as the MTPF for
the participant.

Following theMTPFmeasurement, endurance times (ET)weremeasured for targeted
static exertions of 10, 20, 40, and 60% of MTPF, presented in a randomized order. Par-
ticipants pressed the Pinch-meter to the targeted %MTPF force level and was instructed
to hold the force level constant until they could no longer maintain the force level due
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to discomfort or pain from muscle fatigue. For time constraint, any trial that reached
20 min was terminated. Only three 10% MTPF trials reached 20 min. Five minutes or
more rest pauses were given between trials to recover from muscle fatigue. During this
time, participants filled in a feedback form noting down their level of pain, discomfort,
numbness, and cramping in a scale of 0 (none) – 9 (highest). Each participant took about
1.5 h to complete the experiment.

2.4 Data Processing and Model Development

The participants tried to maintain the targeted %MTPF, however, there was some minor
fluctuations of force over the ET, as seen in Fig. 2b. For fatigue modelling, the average
thumb force over the ET was calculated, and %MTPF values were recalculated from the
MTPF. The difference from the target %MTPF were nominal. For targeted %MTPF of
10, 20, 40, and 60% the corrected%MTPF’s averaged at 10, 19, 37 and 54%, respectively,
when calculated over all participants. The corrected%MTPF values were used in fatigue
modeling.

Curve fitting function in Excel was used to obtain least square fit between ET and
%MTPF values for all participants. The exponential function gave the best curve fit with
coefficient of determination R2 > 0.95.

3 Results

Figure 3 shows the least square fitted, exponential curves superimposed on the data
points from male and female participants. As expected, the nonlinear curves show that
when the %MTPF levels have decreased, the ET values have increased. In the range of
40 to 100% MTPF, the ET values were small, less than a minute. For lower than 40%
MTPF, the endurance times have increased substantially.

The exponential functions for (i) combined male and female, (ii) male, and (iii)
female populations are provided in Eqs. (1), (2) and (3), respectively. The coefficient of
determinations R2 were 0.95, 0.95 and 0.97, respectively.

Combined : ET = 18.177e−5.875∗%MTPF (1)

Male : ET = 13.823e−5.625∗%MTPF (2)

Female : ET = 24.381e−6.196∗%MTPF (3)

Participants noted different symptoms, ranging from shaking, numbness, tingling,
burning, cramping, and pain at the end of ETmeasurement trials. The average discomfort
levels (0–9 scale, 9 being most sever) at 10, 20, 40, and 60%MTPF levels were 6.4, 5.4,
5.5 and 5.4, respectively. At 10% MTPF, discomfort levels were generally higher. The
discomfort levels indicated onset of localized muscle fatigue at the end of ET trials.
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Fig. 3. Least square fitted exponential curves relating ET (min) to %MTPF values for both
genders.

4 Discussion

The fatigue curves show that when %MTPF is less than 40%, the ET value increases
noticeably – this trend was similar to the results from previous studies on muscle fatigue
[5]. Female ETs were longer than males, especially at lower %MTPF levels (10 & 20%),
whichwas also observed by other researchers [4, 5].While the endurance time for female
was 13.1 min at 10%MTPF, the male could perform 7.9 min for the same relative force
level. The absolute thumb force was obviously higher for male compared to female. The
average male MTPF (26.5 lbs) was 45% more than female MTPF (18.3 lbs). This study
produced smaller ET values for 10%MTPF (7.9 min) and 20%MTPF (4.5 min) for male
population, when compared to Choi et al. [3] results (12.4 and 6.1 min, respectively).
This difference supports our hypothesis that different muscle groups of thumb will have
different fatigue curves.

A typical deadman switch (Fig. 1a) requires approximately 3.4 lbs. of holding down
force. At this force level, Eq. (2) predicts thumb fatigue would set in after 6.7 min for
an average male, which is less than the usual continuous operating time of at least 15
min for sand blasting operations. With the present design, muscle fatigue and pain is
unavoidable as the operating time exceeds ET. Equation (2) predicts that 3.2% MTPF
can be maintained for an ET of 15 min. Similar calculation can be performed for any
desired ET for combined male-female, male or female population using Eqs. (1), (2) and
(3), respectively .

Sandblasting operators wear protective clothing, helmets, breathing apparatus, and
they also experience high level of noise. All these factors, not been considered in present
study, should adversely affect theworker’s ET. Thus the ET values from this study should
be further adjusted down when designing deadman controls.

This analysis shows that the design improvement of deadman switch is essential by
substantially reducing the hold down force. Reducing hold down force may require an
additional safety switch to prevent inadvertent actuation of the deadman switch. Two
switch designs are used in many existing power tools to prevent inadvertent actuation.
Another alternative could be using a lever that can be actuated by a power grip, instead
of thumb alone to reduce muscle fatigue.



Development of Thumb Endurance Curves Applicable for Deadman Switches 195

Acknowledgements. This publication was supported by the Grant Number, T42OH008422,
funded by the Centers for Disease Control and Prevention. Its contents are solely the respon-
sibility of the authors and do not necessarily represent the official views of the Centers for Disease
Control and Prevention or the Department of Health and Human Services.

References

1. NIOSHpublication # 75–122, Industrial Health and Safety Criteria for Abrasive Blast Cleaning
Operations. https://www.cdc.gov/niosh/docs/75-122/pdfs/75-122.pdf, Accessed 2 June 2021

2. OSHA e-CFR 1910.244(b) Abrasive blast cleaning nozzles. https://www.osha.gov/laws-regs/
interlinking/standards/1910.244(b), Accessed 2 June 2021

3. OSHA, Accident Search Results, Kewword; “Sandblasting”. https://www.osha.gov/pls/imis/
AccidentSearch.search?acc_keyword=%22Sandblasting%22&keyword_list=on, Accessed 2
June 2021

4. Choi, K., Lee, S., Lee, J., Kong, Y.: Development of thumb endurance curves associated with
various exertion levels. Hum. Fact. Ergonomics Manuf. Serv. Ind. 27(5), 249–255 (2017)

5. El Ahrache, K., Imbeau, D., Farbos, B.: Percentile values for determiningmaximum endurance
times for static muscular work. Int. J. Ind. Ergonomics 36(2), 99–108 (2006)



Nancy L. Black • W. Patrick Neumann •

Ian Noy
Editors

Proceedings of the 21st
Congress of the International
Ergonomics Association
(IEA 2021)
Volume IV: Healthcare and Healthy Work

123



Editors
Nancy L. Black
Département de génie mécanique
Université de Moncton
Moncton, NB, Canada

Ian Noy
Toronto, ON, Canada

W. Patrick Neumann
Department of Mechanical and Industrial
Engineering
Ryerson University
Toronto, ON, Canada

ISSN 2367-3370 ISSN 2367-3389 (electronic)
Lecture Notes in Networks and Systems
ISBN 978-3-030-74610-0 ISBN 978-3-030-74611-7 (eBook)
https://doi.org/10.1007/978-3-030-74611-7

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2021
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Work System Design in Machine and System Safety with a Focus
on Human-System Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
Peter Nickel, Peter Bärenz, Hans-Jürgen Bischoff, Luigi Monica,
Urs Kaufmann, Michael Wichtl, Era Poddar, and Siegfried Radandt

Machine and System Safety in Digital Transformation . . . . . . . . . . . . . 161
Peter Nickel and Hans-Jürgen Bischoff

Occupational Health Assessment of Cement Handlers Exposed
to Cement Dust in Enugu Metropolis Using the Micronuclei Assay . . . . 167
Anulika Onyemelukwe, Samuel Ogenyi, Okechukwu Onwukwe,
Chinenye Okenwa, Echezona Nelson Dominic Ekechukwu,
Harrison Asogwa, and Peter Achukwu

User Evaluation of a National E-library for Standardized
Chemotherapy Regimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
Johanna Persson, Ann-Sofie Fyhr, and Åsa Ek

RAMP 2.0 – Further Development of the RAMP Tool . . . . . . . . . . . . . 182
Linda M. Rose and Lina Kluy

Development of Thumb Endurance Curves Applicable for Deadman
Switches in Sandblasting Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
Arijit K. Sengupta, Ugur Oztas, and Anthony Krake

Hardiness Personality Disposition and Safety Citizenship Behaviour
of Miners in the Ghana’s Mining Industry . . . . . . . . . . . . . . . . . . . . . . . 196
Joana Eva Dodoo and Lilis Surienty

Rapid Assessment on Occupational Health and Safety Issues Faced
by Young Workers in Indonesia Construction Sectors . . . . . . . . . . . . . . 205
Indri Hapsari Susilowati, L. Meily Kurniawidjaja, Mila Tejamaya,
Satrio Pratomo, Bonardo Prayogo Hasiholan, Amelia Anggarawati Putri,
and Akbar Nugroho Sitanggang

Analysis of Human Efficiency-Thoroughness Trade-Off Decisions
in Approach Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Tsubasa Takagi and Miwa Nakanishi

Health and Safety Among Commercial Marine Fisheries in Québec:
Navigating Through Haddon Matrix to Better Understand
Accidents Causation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
Mathieu Tremblay, Martin Lavallière, Jérôme Pelletier, Dave Bergeron,
Valérie Dufresne Dubé, and Robert Fecteau

Part II: Healthcare Ergonomics (Edited by Marijke Melles)

Translating HFE into Action – Lessons from the Frontline . . . . . . . . . . 227
Sara Albolino, Peter Lachman, Christina Krause, and Allison Muniak

Contents xix


