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Chapter 3 exercises

1.   Instructor: Note that the student is not being asked to rate severity but only probability. Legitimate estimates may 
vary by one unit from those given below.

A. 3.  This is an incident that can occur from mere carelessness.

B. 2.  Handling needles tends to lead to needlesticks, although most researchers use caution when handling biolo-
gically-contaminated sharps. The author personally knows a senior researcher who has done this.

C. 1.  While hypothetically possible, engineering controls on microwave ovens generally provide robust protection 
against leakage.

D. 3.  If cords are allowed to fray, as they often do at the plug connection if the cord is bent or pulled frequently, 
they are an accident waiting to happen.

E. 5.  Small spills are common in the laboratory, particularly when dispensing chemicals.

F. 3.  While not an everyday occurrence, frequently-used solvent bottles are subject to breakage, so the incident is 
slightly more than “reasonably possible.”

G 3.  The author’s institution has experienced two direct beam viewing accidents in the past twenty years, so rating 
as “once in several years” is appropriate. The author has also done this personally.

H.4.  Ethidium bromide is most inexpensively purchased as a powder and dissolved in order to make a solution. 
Due to its toxicity, weighing must occur in a chemical fume hood, where light powder can easily become 
airborne and spill.

2.   The author has noted that severity estimates do not “settle down” as do likelihood estimates, something specifically 
addressed in [37]. Student estimates are likely to vary widely from those given below; the author suggests using the 
variability as the basis for a class discussion of “reasonable” severity and risk.

A. 3.  This is an injury.

B. 3.  This is also mainly an injury, as the victim’s immune system will probably identify the mouse carcinoma cells 
as foreign and kill them immediately.

C. 4.  A seriously-damaged microwave oven could emit sufficient radiation to cause severe burns.

D. 5.  Under the right conditions, electric shock from line voltage can be deadly.

E. 1.  This is mainly a nuisance that causes an interruption in research work while it is cleaned up.

F. 4.  Spillage of 4L of ethanol is sufficient to cause a long-lasting fire, and under the right circumstances, the fire 
could spread to other laboratories in the same building. At the very least, fire sprinkler water would likely 
cause damage to the building beyond the lab.

G. 4.  Class 3B and above laser beams are capable of causing severe eye damage.

H. 3.  This would be merely an nuisance spill, but the likelihood that the powder will become airborne creates the 
possibility of a fatal inhalation exposure.
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3.   Explanations of the risk features of each scenario appear below. Note that all chosen scenarios are very high seve-
rity but probability and mitigation vary.

A.  The strong neurotoxicity of mercury makes any exposure a possible death, similar to that of Karen Wetterhahn, 
so severity is rated as 5.  Probability is rated at 3 since the sealed glassware could break and cause a large 
release of mercury compound. The mitigation is rated 4 since the experiment is taking place in a chemical fume 
hood, which would reduce but not eliminate the possibility of exposure. The total risk estimate is 5+3–4=4; an 
acceptable risk, but one that requires consultation with higher authorities before proceeding.

B.  The unguarded belt and 50 hp motor can easily kill, so severity is a 5. Probability is a 3, although 4 would be 
a reasonable estimate should the researchers be working in cramped quarters with the exposed belt. Only 
weak administrative controls (a warning sign) exist, so mitigation is 2. Total risk is 5+3–2=6, indicating that 
professional assistance should be sought to reduce risk and increase the mitigation (presumably by adding 
a guard).

C.  Synchrotron radiation is sufficiently intense to kill, making severity a 5. Likelihood of exposure is 1, because 
multiple layers of protection, both administrative and engineering controls, would have to be breached to 
expose the researcher to X-rays in this case. Mitigation is 5 because the interlock on the shield makes it impos-
sible to access the danger zone (without major effort). Total risk is then 1, and experiments should proceed 
normally.

D.  Since there is the possibility of exposure to large quantities of HIV, severity would likely be a 4 or 5; we give it a 
4 here because there is no mention of sharps that could create an exposure and because effective prophylactic 
medication is available in the event of an exposure. Likelihood of exposure is fairly high due to the open-hand-
ling of serum, perhaps 4. Since some portions of the experiment are protected using engineering controls (the 
sealed bioreactor), we can take a mitigation credit of 4, leaving the total risk at 5+4–4=5. This operation would 
require formal review by lab managers before proceeding.

Chapter 4

1.  C.
2.  A and B. 
3.   Some controls that would be suitable are listed below; many others are possible. The main objective of the exercise 

is to distinguish engineering from administrative  controls and to give the student experience in applying imagina-
tion to the  solution of a safety problem. Because appropriate protections against different hazards are discussed in 
following chapters, student responses may be unrealistic or fantastic.

A.  Engineering controls: Clear plastic shield between chemical use area and user; use of controlled-dose dispen-
ser instead of pouring or pipetting from a bottle of stock solution; remote handling with robotic arms.
 Administrative controls: Allowing only trained personnel to use chemical; providing detailed procedures for 
the experiment; requiring appropriate chemical gloves (the gloves themselves are PPE, but the requirement to 
wear them is an administrative control).

B.  Engineering controls: Enclose the power supply in a grounded metal box; provide a key switch to prevent unau-
thorized energization; wire the power supply so that operation of two switches is necessary simultaneously 
(this prevents the operator’s hands from being in the power supply.
 Administrative controls: Requiring that the area be cleared of untrained personnel before operation;  requiring 
electrically-insulating gloves; requiring that the key to the key switch remain under the direct control of the 
(trained) head experimenter at all times.

C.  Engineering controls: Enclose the optical table with opaque material; use a lower-power laser for alignment 
operations; interlock the laser with a switch on the door so that it automatically shuts off if anyone enters.
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 Administrative controls: Require specialized training to align a laser; allow only authorized personnel in the 
room while the laser is being aligned; require immediate medical examination and treatment if an eye expo-
sure occurs.

4.  1-C-a; 2-B-b; 3-A-a; 4-C-c

Chapter 5

1.   Students who are not currently working in a laboratory may benefit from arranged laboratory tours with explanations 
of the research conducted there. Another option is preparation of a mock (or real) laboratory with known hazards.

2.   This question has no “correct answer,” but the range of responses that should be obtained should be an excellent 
base for class discussion. One useful lesson students should draw from the results is that working with others in 
identifying and evaluating hazards results in a more comprehensive evaluation.

Chapter 6

1:   Key
A–4
B–2
C–8
D–5
E–1
F–3
G–6
H–7
2.   Notes are given on the main physical hazards present. Usually there is more than one, and students at various levels 

and with various domains of experience may find only some of them. Some students may find additional hazards, 
depending upon what assumptions are made; use your best judgment regarding whether or not these hazards are 
reasonable risks.

A:  (Simple)The frayed cable that requires fixing (and preferably armoring to prevent the physical abuse that frayed 
it in the first place) is obvious. 
 (Moderate)Wiring the power directly into the building system without a lockable disconnect creates two 
hazards: electric shock while servicing the motor, and accidental startup of the entire machine. 
 (Advanced)The close proximity of water to a medium-voltage system such as this poses the risk of shock in 
the event of a leak in an inopportune place, and the likelihood that the floor will be wet just from routine ope-
rations (making electrocutions more probable). This could be addressed by installing a GFCI, but most GFCIs 
are not suitable for 480V motors due to the high inrush current as the motor starts--when one starts a large 
motor, a substantial amount of current is used to establish the magnetic fields that move the rotor. (This is why 
residential building lights may dim when an electric refrigerator or clothes dryer are turned on.) Most GFCIs 
interpret such currents as ground faults and, if the current is high enough (>5mA usually), will cut power to the 
system. The motor should be replaced with a water-resistant type such as one having a Totally Enclosed Wash 
Down (TEWD) enclosure.

B.  (Simple) The tubing laid across the walkway is a trip hazard. More thoughtful students will note that tripping 
over the tubing will also cause a leak of highly flammable hydrogen.
 (Moderate) The plastic tubing raises several issues, one of which is the suitability of the tubing for the pressure 
to which it will be subjected. Typical lab Tygon® [Saint-Gobain Performance Products trademark] tubing can 
withstand 70—310 kPa (10—45 psi); depending on the delivery pressure of the cylinder regulator, reinforced 
tubing or even stainless steel may be more suitable to prevent a blowout.
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 (Advanced) The reactor probably employs a high hydrogen pressure, and it may generate even higher pressu-
res during operation if the hydrogenation reaction is exothermic. Suitable pressure safety relief is absolutely 
necessary to reduce the risk of explosion, as is routing of relief lines to a safe location (e.g., chemical fume hood 
exhaust).

C.  (Simple) The bandsaw is sharp, and measures such as armored gloves should be taken to avoid amputations.
 (Moderate) The lathe is a wrap point. Clothing should be strictly regulated in the shop and the researchers well-
trained to avoid having hair, hands or arms pulled into the rotating shaft. Also, all the shop machines run off of 
electricity, and normal precautions such as checking wiring and safety guards before use apply.
(Advanced) The drill press is also a wrap point, and similar measures should be taken.

Chapter 7

1.  Answer key

A. True. This applies to both flammable and toxic chemicals.

B.  False. Excluding oxygen and other oxidizers from the area is an acceptable method of fire prevention often 
used in chemical work, removing one vertex of the “fire tetrahedron.”

C. The Vapor Hazard Ratio.

D.  Chemical splash goggles. Impact eye protection, whether goggles or glasses, are inappropriate for use with 
chemicals, and face shields protect the face, not the eyes.

E. False. Chemicals are just as reactive when mixed in a waste bottle as in a beaker.

2.  Answer key

A. Approximately 20 kPa (0.2 atm).

B.  Yes. One of its metabolic products in the body is carbon monoxide, which binds to hemoglobin in the blood, 
causing symptoms ranging from flu-like feelings to death.

C.  Fuming sulfuric acid is a corrosive and an oxidizer. “Reactive” is also an acceptable answer.

D.  Immediate rinsing followed by application of calcium gluconate gel. Emergency services should be summoned 
for any exposure to HF.

3.   This exercise will produce greatly different results depending on the skill and experience level of the student. Basic 
level students should be specifically instructed to use Safety Data Sheets as resources; more advanced students 
should do this as a matter of course and be penalized for not doing so.

A.  (Basic) Zinc and HCl are obviously present. HCl is a corrosive material. Reading the Safety Data Sheets for both 
chemicals and  following their directions is a suitable administrative control.
 (Advanced) This reaction evolves hydrogen gas (which is flammable) and can be quite energetic. Working in a 
chemical fume hood, with the sash lowered, is a good engineering control to apply in this case.

B.  (Basic) Silicon: no significant hazards; hydrofluoric acid: highly toxic, moderately corrosive; Piranha etch: 
highly corrosive and oxidizing. Suitable administrative controls would include a written experimental protocol 
(or standard operating procedure) reviewed by a senior investigator. Engineering controls might include use in 
a chemical fume hood with sash lowered (particularly since both baths are hot and therefore emit significant 
amounts of fumes) or behind a plastic shield.
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 (Advanced) Specific first aid and other training on HF and Piranha hazards and emergency response is an 
appropriate administrative control. In cases of severe hazard, remote operation should be considered.

C.  (Basic) tBuLi is pyrophoric, pentane flammable, and methyl iodide toxic. Administrative controls might include 
a specific emergency procedure for a tBuLi exposure or fire, while a suitable engineering control would be to 
handle the compound under an inert atmosphere (perhaps on a Schlenk apparatus).
 (Advanced) Training in handling pyrophoric compounds on a Schlenk line would probably be the most impor-
tant administrative control, as well as use of standard operating procedures and forbidding untrained use of 
the chemical. A more advanced engineering control might be to eliminate the syringe handling and perform the 
transfer via inert gas pressure through a long, double-ended needle.

D.  (Basic) Sulfuric acid is corrosive, as is ammonium bifluoride. Administrative controls might include training 
in spill handling. A suitable engineering control would be using a splash shield (such as a hood sash, above).
 (Advanced) Those who read the Safety Data Sheet closely will discover that ammonium bifluoride becomes 
hydrofluoric acid on contact with acidic substances or water. Administrative controls might include (as they 
do at an  industrial lab with which the author is acquainted) requiring specific permission to work with ammo-
nium bifluoride, and designating one specific hood for such work. Engineering controls might include the use 
of a sealed system for the work.

Chapter 8

1.  Answer key

a. Correct. All biological laboratories require waste-handling facilities.

b. Incorrect. HEPA-filtration of room air is typically used at BSL—3.

c. Incorrect. “Moon suits” are used in certain BSL—4 laboratories.

d.  Correct. Class II BSCs are standard equipment in most BSL—2 laboratories.

e. Incorrect. Glove boxes are used in certain BSL—4 laboratories.

f.  Correct. Disposable nitrile gloves are suitable for most biological operations at BSL—2, although work invol-
ving chemicals may require other gloving.

g. Correct. BSL—2 laboratories generally employ lab coats, although some facilities prefer surgical gowns.

h.  Correct. BSL—2 laboratories are constructed such that the room pressure is lower than that outside to prevent 
spread of contamination in the event of a release.

i. Correct. All biohazard laboratories require signage.

j.  Correct. While a BSL—2 laboratory is not required to have its own autoclave, access to one for sterilization is 
still required.

2.  Answer key

a. BSL—1 precautions are appropriate for brewer’s yeast.

b. BSL—2 precautions are specified for Shiga toxin-producing E. coli.

c. BSL—3 containment should be used for production work with this organism.

d. BSL—2 containment would be used for this work, but BSL—3 work practices are required.
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e.  BSL—3 containment and precautions are necessary for cell culture with this organism, although lesser precau-
tions may be used with fixed tissue samples.

Chapter 9

1.  Answer key

A.  False. Class 3R lasers are only marginally capable of causing eye damage—most laser pointers used in open 
classrooms and conference rooms are Class 3R.

B.  True. UV-B radiation has been shown to cause radiation cataracts.

C.  True. Plastics such as polymethylmethacrylate (PMMA) provide adequate shielding for such isotopes.

D.  False. The relevant concept is As Low As Reasonably Achievable.

E.  False. Non-beam hazards can be far more lethal than the laser beam itself.

2.   Notes are given on the main radiation hazards present. Sometimes there is more than one, and students at various 
levels and with various domains of experience may find only some of them. Some students may find additional 
hazards, depending upon what assumptions are made; use your best judgment regarding whether or not these 
hazards are reasonable risks.

A .  
Simple: Provide appropriate laser protective eyewear.
Moderate: Fire-retardant clothing should also be provided. At this level of understanding, the student should also 
realize that complete enclosure of the experiment would also be appropriate (and more economical than additional 
PPE).
Advanced: Students at this level may note that enclosing the apparatus would also reduce experimental error from 
air turbulence in the beam path—improving the scientific performance of the experiment as well as the safety.

B.
Simple: The researcher should stay as far as possible from the apparatus while in use.
Moderate: A ring-type film badge might be appropriate since the hands will receive the bulk of the radiation dose 
in handling the densometer.
Advanced: Work practices should include maintaining at least a specified minimum distance from the cesium 
source during measurement.

C.
Simple: Wear appropriate PPE, specifically safety glasses or goggles that block the UV wavelength(s) in use.
Moderate: Standard operating procedures for the transilluminator should include lowering the UV shielding (the 
top cover) before activating the lamp.
Advanced: Consideration should be given to alternative visualization systems (such as SYBR Safe–Life Technolo-
gies trademark–an alternative stain that fluoresces under blue light transillumination).

Chapter 10

1.   This question is preparatory work for the main exercise, #2. Proposed inspection checklists should be evaluated 
either by the instructor or by peers before use.

2.   You may assign (or even prepare) a laboratory for inspection if desired. The author generally uses this exercise to 
encourage first-year graduate students to contact faculty with whom they wish to study and obtain permission to 
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inspect that faculty member’s lab. In an industrial environment, permission to inspect the laboratory should be 
requested of the group leader or manager.

Chapter 11

1.   Answers will vary with student expertise level and creativity. Examples might be (Basic) Wear respiratory protection 
or (Advanced) Substitute a coating using a non-carcinogenic solvent.

2.   Students, at a minimum, should identify the need for a biosafety cabinet and appropriate gloves, lab coat, and 
splash goggles during this operation. Students who look more deeply may note that the gloves should be resistant 
to the toxic components of the culture medium and that the face should be held away from the incubator as the door 
is opened to avoid breathing CO2 atmosphere, among other things.

3.  See [125] for an excellent example of a JHA for this task.

Chapter 12

This chapter (and What-If? In general) do not lend themselves to simple questions with multiple-choice or short 
answers; the student must learn by doing. Hence, this “set of chapter exercises” focuses on a single question drawing 
on the student’s personal range of experience. The three questions provided afterward are intended to provide either 
class discussion topics or to assist the single student to evaluate the quality and implications of his or her analysis.

Chapter 13

Feel free to substitute any paper with a reasonably-detailed Methods & Materials section. Students will learn best in this 
instance from conducting a JHA on a procedure from their own field.

Chapter 14

Feel free to substitute any paper with a reasonably-detailed Methods & Materials section. Students will learn best in 
this instance from conducting a What-If? Analysis on a procedure from their own field. You may also wish to allow the 
students to comb the literature for suitable papers.

Chapter 15

The experiment, as written, will probably kill the experimenter upon activation. There is therefore plenty of scope to 
make it inherently safer. This exercise is intended to provide practice in creatively inventing safer solutions, but also 
to provide experience in evaluating ideas for practicality and “implementability.” The student should be able to easily 
invent at least 20 ideas for imposing inherent safety, 5–10 of which will end up being viable. In an actual experiment, 
there is less scope for incorporating inherent safety, simply because this example has been designed to be as dange-
rous as possible. Nevertheless, a real experiment will often have one or more opportunities to substitute methods or 
materials, moderate conditions, minimize chemical inventories, or to simplify overly-complicated and unnecessary 
experimental steps.


