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1 Introduction

Generative Al has demonstrated substantial potential to
support the grading of handwritten exams in introductory
STEM courses at ETH Zurich, particularly for open-ended
scenarios that target problem-solving competencies [1-5].
By participating in the pilot phase, instructors can benefit
from reduced grading workload and faster turnaround
times, while maintaining or even improving the consis-
tency of grading.

In these guidelines, we summarize our experience
with different exam layouts, question types, and grading
rubric elements, based on preliminary studies with five
exams in mathematics, thermodynamics, and chemistry
with nearly 1,000 participants. The guidelines are not
meant to constrain your pedagogy, but to make sure that
your carefully designed exam can be processed reliably
by our Al-assisted workflows; Fig. 1 shows a mockup of
an exam sheet and rubric layout that work particularly
well.

Adhering to these design principles leads to smoother
exam logistics, less need for manual intervention, and
higher grading precision. Conversely, unverified devia-
tions from the specified layout can create considerable
additional manual work for human staff and, in the worst
case, render automated processing infeasible. If you
would like to introduce alternative layouts or novel item
types, please coordinate early with the project team so
that we can help you adapt them in a machine-readable
way.

2 Workflow

The guidelines are largely rooted in the workflow we em-
ploy for Al-assisted grading:

1. Exam sheets are printed and stapled into exam
packs. Each page is identifiable by

+ an exam-specific student number, which is usu-
ally just a continuous identifier such as 001,

002, .... Many departments already use such
identifiers, and we can work with different for-
mats;

+ a student identifier for redundancy. While in
principle we would not need this, printing a
student identifier on each sheet provides ad-
ditional safety. Many departments use initial
characters of student names and redacted ver-
sions of the Legi number;

* a page number.

Ideally, these identifiers are printed at the bottom of
the exam sheets. This, however, requires individual-
ized print files with one copy per student and usually
goes along with assigned seating in the exam room.
Many departments already follow this practice. In
principle, you could use one generic exam version
for all students, but then students would have to fill
in their personal information on every sheet, which
they tend to forget.

In any case, do not have students bring their own
paper. Experience shows that this results in irreg-
ularly torn-off sheets from notebooks, recycled let-
terhead, distracting backgrounds, large A3 sheets,
and other irregularities that complicate scanning
and processing.

. Students work on the exam with paper, pencil, and

eraser. To provide sufficient contrast, it needs to be
a soft pencil, at least “HB.” We found that the grad-
ing mechanism does not reliably identify crossed-
out or scribbled-out work (it still considers it!), so stu-
dents should be asked to erase instead of crossing
out. Do not allow extra sheets for grading-relevant
work, as finding and collecting scattered student
pages creates substantial manual effort.

. Students may use and turn in draft work on extra

sheets (which you can provide), but grading should
be based solely on work appearing in the desig-
nated spaces on your exam sheets.

. After students complete the exams, they are scanned

on standard ETH multi-function printer devices with
automatic paper feed. Experience shows that these
devices are quite robust, but there will occasion-
ally be paper jams or timeouts. As a result, multiple
scans of the same page may be generated or pages
may end up out of order; our mechanism is robust
to such issues.

. A local OCR system (e.g., Tesseract) is used to

detect the student-page identifiers. The system
then checks that it has at least one copy of every
student-page combination, and any missing pages
are flagged.

. After missing pages are scanned and added, the

paper copies of the exams can be securely stored
away. From this point onward, the workflow is fully
electronic.

. The evaluation step works one page at a time. A

page of student work and the corresponding page
of the grading rubric (see Fig. 1) are sent to a multi-
modal, reasoning LLM; currently, we use GPT-5.x
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Problem 1
A solid sphere (mass M, radius R) starts from rest at height h on an incline. It rolls down
without slipping, but no other friction.

1.a What will be the speed of the sphere on a level surface at the bottom of the incline?
1.a.a - Energy - 2 pts: Energy conservation Mgh = %Mu2 + %Im2

1.a.b - Inertia - 2 pts: Solid sphere I = %MR2

1.a.c - Rolling - 2 pts: Rolling without slipping @ = v/R

1.a.d - Substitution - 2 pts: Inserting Mgh = %Mv‘ + ém‘ = ﬁMv‘

1.a.e - Final result - 2 pts: Solve for velocity v = %gh

1.b Would a solid disk with the same mass and radius, starting from rest from the same
height, roll faster, slower, or at the same speed at the bottom of the incline?

1b.a- Disk inertia - 1 pt: Solid disk has higher rotational inertia | = 7 MR? or arguing
that more of the mass is further from the axis because flat

1.b.b - Comparison - 1 pt: Calculate v, = [ ghand § <2 or arguing that more of the

original potential energy would go into rotation rather than translation

1.b.c - Conclusion - 1 pt: So the disk would be slower than the sphere.

Rubric - Page: 2

Figure 1: Mockup of an ideal layout for a worksheet and rubric.

at a Microsoft data center in central Sweden. The
system provides structured output (JSON) for each
rubric item with the assigned score and a grading
explanation. We can combine more than one exam
page into a longer virtual grading page, but the sys-
tem needs to be told in advance how many pages
should be combined; experience shows that context
buffers reach their limits at about three combined
pages. The system has no problem with empty
pages, but unexpected extra pages are problematic.
For a 300-student, 15-page exam, the grading run
takes about three hours.

After grading and automated basic sanity checks
are completed, the graded work is available for fac-
ulty and staff members online. Optionally, item re-
sponse theory (IRT) [6] can be used to flag suspi-
cious or unexpected grading results [3]. Experience
with previous exams shows that the system has
essentially no false positives; the rate of incorrect
items being graded as correct is smaller than two
percent. Grading decisions can be overridden in
the online interface.

The exam is then released for students to view.

. Students can view their work and the Al grading

decisions online. They have the option to veto the Al
decision on a per-problem-part basis, in which case
the item is flagged for faculty or staff grading (similar
to how IRT might have flagged it). This process
is asynchronous, and items can be re-graded as

11.

3

they come in. The human grading decision is final
and, in rare cases, may be lower than what the Al
had assigned. Students are therefore unlikely to
randomly flag items, as doing so may result in a
lower final score.

After a specified period, the veto window is closed.

Design Principles

The workflow described above, as well as the current
capabilities of multimodal LLMs, lead to a set of basic
design principles:

Location Predictability The workflow works best if the

location of student answers is predictable. Students
should write on the exam sheet in clearly desig-
nated spaces, ideally separated by problem part.
Leave ample space so that students do not run out
of room and start writing into margins or — in the
worst case — on extra sheets. Please inform stu-
dents explicitly that writing their solutions in places
other than the designated ones results in extra work
for everyone, including themselves, because it in-
variably leads to more vetoes and re-grading. When
in doubt, err on the side of providing too much rather
than too little space for answers.

Clearly Marked Problems Clearly mark the problems

and problem parts; the grading works on the level



or problem parts, and it is important that the student
work can be clearly associated with the problem
parts; this can save a lot of extra effort later.

Graphical Minimalism Please avoid boxes around an-
swers, extra separation lines, or other decorative
graphical elements. All such elements have to be
encoded (increasing the context size) and then ig-
nored by the LLM. In addition, if students write
across box borders or lines, handwriting recognition
is impaired. An open, minimalist layout generally
leads to more robust OCR and higher grading accu-
racy.

White Paper We found that background grids and lines
can significantly impair Al grading, in some cases
to the point of making automated grading impossi-
ble. Please use clean, white paper without printed
backgrounds for the answer areas.

No Answer Booklets The mechanism works best if ques-

tions and answers are on the same sheet. Using
a separate answer booklet has repeatedly led to
students writing their answers in the wrong places
or on the wrong pages, which creates substantial
additional manual work. Keeping the question and
the corresponding answer space on the same page
greatly reduces this risk.

Substantial Open-Ended Section If your exam mixes
closed-format items (for example, multiple-choice
questions) with open-ended tasks, make sure that a
substantial and grade-relevant portion of the exam
is Al-graded. Statistical methods such as IRT re-
quire sufficient data to be informative. Ideally, the
entire exam would be Al-graded. While Al typically
works best when answers are context-rich (not just
final results but also their derivation), as described
below, certain types of closed answers can also be
graded reliably.

Aligned Rubric Align the rubric with the answer sheets
as shown in Fig. 1. In all cases, the rubric items
corresponding to a given page of student work must
appear on the same (virtual) page that is sent to the
model. Marking the rubric items “problem part —
short description — number of points:” works well,
e.g., “3.d.c — Energy conserved — 3 pts:”

4 Problem Types

We have tested the system with a variety of problem
types [5]. In order of decreasing grading accuracy, these
are:

Long Answers Longer written answers (a few sentences)
work very well. For example, you can ask students
to explain a crystal structure, describe what hap-
pens in a particular scenario, or justify a choice
qualitatively. This is not surprising, as large lan-
guage models are particularly strong with natural
language understanding and generation.

Short Answers Very short answers (two or three words,
anumber, a sequence of letters, etc.) also work well.

Typically, these kinds of answers would be placed in
answer fields or boxes. However, boxes themselves
can distract the vision model and add unnecessary
visual clutter. They are acceptable if they prevent
student from writing across boundaries, but avoid
overly heavy borders or complex box layouts.

Answer Derivations Students can derive answers sym-
bolically or numerically, or balance chemical equa-
tions. The more context and the more detailed
the answer rubric, the better the mechanism works.
Because recognition of individual characters may
be unreliable (for example, due to poor handwrit-
ing), having more contextual information allows the
model to infer the intended meaning more robustly
and to still assign the correct score.

Drawing Students may draw scenarios, free-body dia-
grams, flow charts, or molecules. Here, we found
that three-dimensionality is problematic: current
vision-language models operate on two-dimensional
images and do not maintain an explicit 3D represen-
tation. They handle depth only through implicit cues
such as occlusion and perspective, which are often
ambiguous in hand-drawn sketches. As a result,
concepts such as “in front of” or “behind” are fre-
quently misunderstood, and overlapping objects or
perspective drawings can be misinterpreted. Limit
such tasks to essentially two-dimensional scenarios,
avoid background grids, and do not require exact
spatial positions to be recognized.

Graphing You can have students sketch graphs, but do
not require exact location matching (for example,
hitting specific points on the (z,y)-plane), unless
you provide a small number of clear guiding lines.
The system can reliably detect general qualitative
features such as linear, parabolic, asymptotic, or os-
cillatory behavior, and it can usually identify where
curves cross (for example, where they pass through
the x-axis). It generally cannot robustly extrapolate
beyond what is drawn, i.e., it will not reliably infer
how a line is supposed to continue off the visible
portion of the sketch. If extrapolation is important,
ask students to indicate it explicitly (for example,
with arrows or dashed lines). Again: no background
grid.

We can experiment with your exam ahead of time and
jointly explore which problem types and rubrics work best.

5 Attachments

Attached are examples of an exam sheet, a rubric, and
student work (not actual ETH Zurich exams, for illustrative
purposes only). These examples would work well with
our grading flow.

6 Collaboration

Close collaboration between your team and the Ethel
team is essential. Whenever possible, we would like to
prototype your exam and rubric ahead of time so that we



can identify and eliminate potential problems before print-
ing. Please also avoid last-minute layout changes: even
small changes can affect machine-readability and quickly
shift workload back to manual processing. The shared
goal is to make meaningful, open-ended assessments
more manageable, not to create additional work. Careful
coordination is therefore a key part of a successful pilot.

7 Disclaimer

As far as we know, the workflow described here is at the
cutting edge of what is currently possible. This inevitably
comes with some risk: in the absolute worst case, parts of
the exam or even the entire exam may need to be graded
by hand. We have your back in such situations; there
are “emergency” funds to compensate TAs or postdocs
for additional grading work if things go sideways. By
participating in the pilot, you and your team agree to
take this limited risk with us in order to help establish
sustainable Al-assisted grading practices for the future.
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Attachment A:

Example of an exam document

Note: this is not an actual ETH Zurich exam, but for
illustrative purposes only.
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Physics | Final Exam

Your name:

Your ID number: 3 4 6—0 1 ] -

Do not turn this page until told to do so

e You have two hours from the official starting time.

e Each problem is 20 points.

e \Write your answers only in the blank space under the problem
statements.

e Extra pages will not be considered.

e Use pencil and eraser; no ballpens or other indelible markers.

¢ |f you make a mistake, do not scribble it out, but instead erase it.
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Problem 1
A solid sphere (mass M, radius R) starts from rest at height h on an incline. It rolls down
without slipping, but no other friction.

V €&—— h

1.a What will be the speed of the sphere on a level surface at the bottom of the incline?

1.b Would a solid disk with the same mass and radius, starting from rest from the same
height, roll faster, slower, or at the same speed at the bottom of the incline?

ID: 346-017-XXXX - Exam Number: 044 - Page: 2
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1.c What would happen to the speed if the initial height h were quadrupled? Is there an
easy relationship between the initial height and the final speed?

1.d The track is sprayed with WD-40, so the sphere slides with no friction instead of
rolls. At the bottom, will it be faster, slower, or the same speed? Why?

ID: 346-017-XXXX - Exam Number: 044 - Page: 3



Fill in the blanks; note that for several of the scenarios, there are many possible

The graphs show position, velocity, and acceleration of a lawn mower moving in one
solutions - just provide one that fits.

Physics [ Final Exam Spring Semester 2026
dimension, i.e., along a straight line.

Problem 2

2.a

Acceleration

Position

2.b

Acceleration

Position

2.c

Acceleration

Position

4
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2.d

Acceleration
4
)
Acceleration
4
(]

Position
A
0
Position
A
)

2.e
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Problem 3

At an amusement park, a sickening new ride is proposed where the passengers
are moving (at least for a while) with

1
vt + —at?

> 2
o) = Asin(wt)

A cos(wt)

3.a Where are the passengers at t=0, i.e., at the beginning of the ride?

3.b What is the velocity vector of the passengers as a function of time?

ID: 346-017-XXXX - Exam Number: 044 - Page:
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3.c What is the maximum magnitude acceleration that the passengers are
exposed to? Hint: sin?+cos?=1

3.d A typical person can tolerate accelerations up to 5g, where g is the Earth’s
gravitational acceleration (how much you would accelerate in free fall). The
design of the ride fixes the values for v, a, and 4, so these are given. Find the
maximum value of w that would be tolerable.

ID: 346-017-XXXX - Exam Number: 044 - Page:
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Problem 4

Fred (mass m) earns his living as a human cannon ball. He gets fired from a
spring-loaded “cannon” (spring constant k) at an angle 6 with respect to the
horizontal, where the spring initially is pushed in a distance d. Neglect air
resistance and the height of the cannon.

4.a What is Fred’s acceleration at the highest point of his trajectory?

4.b At what distance from the cannon does Fred hit the ground (same height as
the cannon)?

ID: 346-017-XXXX - Exam Number: 044 - Page:
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4.c Susie has half the mass of Fred (m/2), so the resident clown decides to only
push in the spring halfway (d/2). How does Susie’s maximum height off the
ground and her final distance from the cannon compare to Fred’s?

4.d The circus has to perform in a new, smaller tent, which has a height H. How
far can the spring be depressed for Fred not to hit the canvas?

ID: 346-017-XXXX - Exam Number: 044 - Page:
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Problem 5

A pontoon (mass M, area 4, height h) is floating in a swimming pool (density p). It
reaches a depth d into the water.

5.a What is the density of the pontoon?

ID: 346-017-XXXX - Exam Number: 044 - Page: 10
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5.b Partygoers (average mass m) jump onto the pontoon. How many partygoers can pile
up on the pontoon before they get wet feet (i.e., the pontoon starts sinking)?

ID: 346-017-XXXX - Exam Number: 044 - Page: 11
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Problem 6

A customer orders special holiday spiced latte. The latte and the syrup have the
same specific heat capacity, but the syrup has double the density of the latte. The
barista mixes a volume V;, of latte at a hot temperature T;, with a volume Vs of
syrup at room temperature Ts.

6.a What is the final temperature of the drink if it is mixed quickly in an
insulated cup?

ID: 346-017-XXXX - Exam Number: 044 - Page: 12
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But of course, the customer wanted the spiced latte iced without saying so! The
barista pours the spiced latte into a cup full of ice. The customer then promptly
forgets his drink on the table while working.

6.b Sketch the temperature of the liquid versus the heat leaking into the cup

while the liquid cools down, the ice completely melts, and then the combined
liquid comes to room temperature.

T4

ID: 346-017-XXXX - Exam Number: 044 - Page: 13
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Problem 7

You want to shoot your physics book into space. In that very book you find that
the gravitational potential energy V(h)=mgh is only a near-Earth approximation
for small heights h (m being the mass of the object, i.e., the book). The full
equation is

Mm

Vi =~6a7%

where M is the mass and R is the radius of the Earth, and where G is the so-called
Gravitational Constant. You plan on launching the book from the surface of the
Earth (h=0) straight up with a speed v to never see it again.

7.a Sketch the potential energy V(h) and the kinetic energy K(h) of the book in a
scenario where it will never come back. Label which graph is which!

A

Energy

>
>

Distance h

7.b What is the minimum launch speed of the book (aka. “escape velocity”)?

ID: 346-017-XXXX - Exam Number: 044 - Page: 14
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7.c You figure a spring is as good a launch device as any other. How far do you
need to depress a spring with spring constant k to never see the physics book
again.

7.d Do you stand a chance of getting rid of physics this way? You quickly perform
an order-of-magnitude estimate. Itis G ~ 10711 Nm?2/kg? M =~ 10**kg, R ~
10°® m, and a typical spring from a car suspension has k ~ 103 N/m.

ID: 346-017-XXXX - Exam Number: 044 - Page: 15
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Example of a grading rubric document

Note: this is not an actual ETH Zurich exam, but for
illustrative purposes only.
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Physics | Final Exam

Your name:

Your ID number: RUD Y1 C

Do not turn this page until told to do so

e You have two hours from the official starting time.

e Each problem is 20 points.

e \Write your answers only in the blank space under the problem
statements.

e Extra pages will not be considered.

e Use pencil and eraser; no ballpens or other indelible markers.

¢ |f you make a mistake, do not scribble it out, but instead erase it.
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Problem 1
A solid sphere (mass M, radius R) starts from rest at height h on an incline. It rolls down
without slipping, but no other friction.

V €&—— h

1.a What will be the speed of the sphere on a level surface at the bottom of the incline?

1.a.a - Energy - 2 pts: Energy conservation Mgh = %Mv2 + %Iwz
L.ab - Inertia - 2 pts: Solid sphere | = = MR?
1.a.c - Rolling - 2 pts: Rolling without slipping w = v/R

7

1.a.d - Substitution - 2 pts: Inserting Mgh = %Mv2 + éMv2 = RMUZ

1.a.e - Final result - 2 pts: Solve for velocity v = f% gh

1.b Would a solid disk with the same mass and radius, starting from rest from the same
height, roll faster, slower, or at the same speed at the bottom of the incline?

1.b.a - Disk inertia - 1 pt: Solid disk has higher rotational inertia I = %MR2 or arguing
that more of the mass is further from the axis because flat

1.b.b - Comparison - 1 pt: Calculate v; = Egh and % < % or arguing that more of the

original potential energy would go into rotation rather than translation

1.b.c - Conclusion - 1 pt: So the disk would be slower than the sphere.

Rubric - Page: 2
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1.c What would happen to the speed if the initial height h were quadrupled? Is there an
easy relationship between the initial height and the final speed?

1.c.a - Relationship - 2 pts: scales like the square root of the height, v~vh

1.c.b - Value - 1 pt: you would have double the speed

1.d The track is sprayed with WD-40, so the sphere slides with no friction instead of
rolls. At the bottom, will it be faster, slower, or the same speed? Why?

1.d.a - Slipping - 1 pt: there would be no rolling, the sphere would just slide

1.d.b - Energy - 2 pts: All potential energy goes into translation, Mgh = %Mv2 +0,
therefore v = \/2gh

1.d.c - Comparison - 1 pt: \/2gh > /% gh, therefore faster sliding than rolling

Rubric - Page: 3
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Problem 2

The graphs show position, velocity, and acceleration of a lawn mower moving in one
dimension, i.e., along a straight line.

Fill in the blanks; note that for several of the scenarios, there are many possible
solutions - just provide one that fits.

Always the scenario is given as a graph of position, velocity, or acceleration; the two
missing graphs are supposed to be filled in. The graphs are divided into segments by
vertical dashed lines; the first segment starts with the y-axis. The second segment starts
with the first dashed line, etc.

2.a Scenario: The position is first constant negative; starting with the third segment, it
increases linearly.

2.a.a - Initial velocity — 1 pt: the velocity starts at zero.

2.a.b — Eventual velocity — 1 pt: the velocity is constant positive starting third segment.
2.a.c — Overall acceleration — 1 pt: the acceleration is zero almost everywhere except for a
spike at beginning of third segment.

2.a.d - Instant acceleration — 1 pt: there is a positive spike in the acceleration at the
beginning of the third segment. Alternatively, a hole (discontinuity) in the graph might be
indicated.

2.b Scenario: The acceleration is constant negative.

2.b.a - Position — 2 pts: the position graph is a downward-opening parabola, could start
anywhere, maximum might but does not have to be in the graph.

2.b.b — Velocity — 2 pts: the velocity graph is a downward straight line, could start anywhere

2.c Scenario: The velocity is first linearly decreasing, going through zero at the beginning of
the third segment; starting with the fourth segment, it is constantly negative.

2.c.a — Position initially — 1 pt: the position graph starts as a downward-opening parabola,
could start anywhere, maximum at the beginning of the third segment when the velocity is

zZero.

2.c.b — Position eventually — 1 pt: starting with the fourth segment, the position graph
becomes a straight line, same slope as the last point of the parabola.

2.c.c — Acceleration initially — 1 pt: the acceleration is initially constant negative until the
beginning of the fourth segment.

2.c.d — Acceleration eventually — 1 pt: the acceleration is constantly zero starting with the
beginning of the fourth segment.

Rubric - Page: 4
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2.d Scenario: The velocity starts positively and decreases linearly till it reaches zero at the
beginning of the third segment. It then further decreases linearly with a shallower slope.

2.d.a - Position initially — 1 pt: downward-opening parabola, maximum at the beginning of
the third segment.

2.d.b — Position eventually — 1 pt: from the maximum on, the position continues as a
downward-opening parabola, but with shallower curvature than during the first two
intervals.

2.d.c — Acceleration initially — 1 pt: constant negative value.

2.d.d — Acceleration eventually — 1 pt: starting at the beginning of the third segment, still
constant negative acceleration, but lesser magnitude than initially.

2.e Scenario: The velocity is first constant positive, then starting with the third segment,
decreases linearly until it reaches zero at the end of the graph (end of fifth segment).

2.e.a — Position initially — 1 pt: first linearly increasing till the beginning of the third
segment.

2.e.b - Position eventually — 1 pt: still increasing, at beginning of the third segment with the
same slope for an instant, but then downward-opening parabola reaching its maximum at

the end of the graph.

2.e.c — Acceleration initially — 1 pt: initially constant zero acceleration until beginning of
third segment.

2.e.d — Acceleration eventually — 1 pt: starting at the beginning of the third segment,
constant negative acceleration.
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Problem 3
At an amusement park, a sickening new ride is proposed where the passengers
are moving (at least for a while) with
1
vt+o at?
o) = Asin(wt)
A cos(wt)

3.a Where are the passengers at t=0, i.e., at the beginning of the ride?

0
3.a.a - Insert initial time - 2 pts: 7(t = 0) = (A sin(0) ) or immediately
A cos(0)
getting final result.

0
3.a.b - Final result - 2 pts: initial position is 7(t = 0) = (O)
A

3.b What is the velocity vector of the passengers as a function of time?

3.b.a - Definition - 2 pts: ¥(t) = % 7(t) or immediately calculating the
derivative

3.b.b - Calculation - 4 pts: assign 1 pt for inserting the vector, 1 pt for each
correct vector component

vt + %at2 v+ at
B =2 = ( Aw cos(wt) )

Asin(wt)
dt .
Acos(wt) —Aw sin( wt)

Rubric - Page:
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3.c What is the maximum magnitude acceleration that the passengers are
exposed to? Hint: sin?+cos?=1

3.c.a - Acceleration vector - 2 pts:

d d v+ at a
a(t) =—v(t) = —( Aw cos(wt) ) = (—sz sin(wt))
dt A\ _ A0 sin( wt) —Aw? cos(wt)
Also grant these points if the calculation was done correctly with an incorrect
velocity result from the previous part (follow-up error).

3.c.b - Magnitude - 2 pts:

a
lat)| = |<—Aw2 sin(wt))

—Aw? cos( wt)
= \/az + A?w* sin?(wt) + A?w* cos?(wt) = \/a2 + A%w*

3.c.c - Maximum value - 2 pts: at any point in time, the acceleration is
maximum at a constant value of Vva? + A2w*

3.d A typical person can tolerate accelerations up to 5g, where g is the Earth’s
gravitational acceleration (how much you would accelerate in free fall). The
design of the ride fixes the values for v, a, and 4, so these are given. Find the
maximum value of w that would be tolerable.

3.d.a - Solving - 4 pts: setting equal maximum acceleration

Va? + A?w* < 5g

A student might argue that the Earth’s acceleration would be part of the tolerable
59, i.e., the 5g would be the Earth’s acceleration plus the ride’s acceleration, in

which case
Va? + A?w* < 4g

- accept both, since it’s not spelled out in the problem.

Solving for the angular velocity

4|25g%-a? 4|16g2%-a?
w < / g orw < / g
A? A?

Also grant these points if the calculation was done correctly with an incorrect
acceleration result from the previous part (follow-up error).
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Problem 4

Fred (mass m) earns his living as a human cannon ball. He gets fired from a
spring-loaded “cannon” (spring constant k) at an angle 6 with respect to the
horizontal, where the spring initially is pushed in a distance d. Neglect air
resistance and the height of the cannon.

4.a What is Fred’s acceleration at the highest point of his trajectory?

4.a.a - Acceleration - 5 pts: the acceleration is always g down, possibly written

as
0
( 0 ) or ( 0 )
-9
No partial credit for any answer that is not equivalent to “g down”

4.b At what distance from the cannon does Fred hit the ground (same height as
the cannon)?

4.b.a - Energy conservation - 2 pts: Spring energy goes into kinetic energy,
gives initial speed

1 1
A2 — —na,2
> kd 5 mv
Therefore
m

4.b.b - Range - 3 pts: Might derive or remember range equation

R =" sin20) = % sinc20)
= —SIn = ——SIn
g mg

Rubric - Page: 8
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4.c Susie has half the mass of Fred (m/2), so the resident clown decides to only
push in the spring halfway (d/2). How does Susie’s maximum height off the
ground and her final distance from the cannon compare to Fred’s?

d2
4.c.a - Scaling - 2 pts: The square of the speed scales with p therefore

2 _1 2
Ususie = 2 VFkred

4.c.b - Range - 1 pt: The range scales with the square of the speed, so Susie has
half the range.

4.c.c - Height - 2 pts: May derive or remember that the maximum height also
scales with the square of the speed, so Susie reaches half the maximum height.

4.d The circus has to perform in a new, smaller tent, which has a height H. How
far can the spring be depressed for Fred not to hit the canvas?

4.d.a - Maximum height - 2 pts: The maximum height is
b v? sin 2(0)
- ymax - Zg

4.d.b - Insert displacement - 2 pts: For example, with x being the maximum
displacement

kx? sin (0
2xsm()

H
m 29

4.d.c - Solve for maximum displacement - 1 pt:

2mgH
k sin 2(0)
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Problem 5

A pontoon (mass M, area 4, height h) is floating in a swimming pool (density p). It
reaches a depth d into the water.

5.a What is the density of the pontoon?

5.a.a - Pontoon volume - 1 pt: the volume of the pontoon is Ah - or give point if
implied in following equation

5.a.b - Displacement - 1 pt: the volume of the displaced water is Ad - or give point if
implied in following equation

5.a.c - Buoyancy - 3 pts: pg(Ad) = Mg - or give points if implied in following equation

5.a.d - Mass of the pontoon - 1 pt: M = p, Ah with p, being the density of the pontoon
- or give point if implied in following equation

M
5.a.e - Density of the pontoon - 2 pts: p,, = T =-=p

Rubric - Page: 10
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5.b Partygoers (average mass m) jump onto the pontoon. How many partygoers can pile

up on the pontoon before they get wet feet (i.e., the pontoon starts sinking)?

5.b.a - Limit - 3 pts: State that partygoers get wet feet when the pontoon sinks to a
depth h.

5.b.b - Loaded buoyancy - 5 pts: With N being the number of partygoers

pg(Ah) = (M + Nm)g

5.b.c - Final answer - 4 pts: Solve for N:

N < p(Ah) — M _ pA(h —d)
- m m

where you would then pick the highest integer Nmq. that still fulfills this.

Rubric - Page:
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Problem 6

A customer orders special holiday spiced latte. The latte and the syrup have the
same specific heat capacity, but the syrup has double the density of the latte. The
barista mixes a volume V;, of latte at a hot temperature T;, with a volume Vs of
syrup at room temperature Ts.

6.a What is the final temperature of the drink if it is mixed quickly in an
insulated cup?

6.a.a - Densities - 2 pts: Density of syrup ps is double the density of the latte p;,

Ps = 2py,
- also give the points if this relationship is implied in the following equations.

6.a.b - Masses - 2 pts:
my, = p,V, and mg = psVs = 2p, Vg

- also give the points if this relationship is implied in the following equations.

6.a.c - Energy conservation - 4 pts: heat lost by latte is heat gained by syrup,
with final temperature Ty

mLc(TL — Tf) = msc(Tf - Ts)
- also give the points if the final equation was achieved by arguing about
“weighted average temperature”

6.a.d - Insert masses - 2 pts:

V(T — Tr) = 2Vs(Tr — Ts)
- also give the points if the final equation was achieved by arguing about
“weighted average temperature”

6.a.e - Final temperature - 2 pts: either by solving the above equation or
arguing about “weighted average temperature:”

VLT, + 2VsTs
Iy, 420
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But of course, the customer wanted the spiced latte iced without saying so! The
barista pours the spiced latte into a cup full of ice. The customer then promptly
forgets his drink on the table while working.

6.b Sketch the temperature of the liquid versus the heat leaking into the cup
while the liquid cools down, the ice completely melts, and then the combined
liquid comes to room temperature.

A correct sketch has these three stages (classic “phase change” curve):

6.b.a — Cooling to zero — 3 pts: Cooling of liquid down to 0°C: temperature changes
with heat transfer (slanted line).

6.b.b — Melting ice — 2 pts: at 0°C: temperature stays constant at 0°C while heat
continues to flow (horizontal plateau; latent heat).

6.b.c — Room temperature — 3 pts: After all ice melts: the now-all-liquid mixture
changes temperature toward room temperature (another slanted line, up or down
depending on whether the surroundings are warmer or cooler than the drink at that
time; for a forgotten iced drink on a room-temperature table, this final segment rises
toward T,y )-
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Problem 7
You want to shoot your physics book into space. In that very book you find that
the gravitational potential energy V(h)=mgh is only a near-Earth approximation
for small heights h (m being the mass of the object, i.e., the book). The full
equation is

Mm

Vi =~6a7%

where M is the mass and R is the radius of the Earth, and where G is the so-called
Gravitational Constant. You plan on launching the book from the surface of the
Earth (h=0) straight up with a speed v to never see it again.

7.a Sketch the potential energy V(h) and the kinetic energy K(h) of the book in a
scenario where it will never come back. Label which graph is which!

GMm

7.a.a - Initial potential energy - 2 pts: Graph starts at V' (0) = — —

7.a.b - Asymptotic potential energy - 2 pts: Graph increases upward toward 0,
asymptotically approaching 0 as h — oo (always negative).

7.a.c - Kinetic energy - 2 pts: For an escaping object, the total energy E = K +
V' = 0 is conserved. Then

K(h) =E—V(h)

so the graph of K(h) decreases with h but approaches a positive
constant K (o) = E = 0 for “never comes back.”

7.b What is the minimum launch speed of the book (aka. “escape velocity”)?

7.b.a - Escape energy - 2 pts: Barely escaping means the total energy is zero,

E=0, thus for the initial kinetic energy

1 GMm
0 :K(0)+ V(O) = 0 =Emv2 —T

- also award points if student happens to know the final equation for the escape
velocity.

7.b.b - Escape velocity - 2 pts: Solving for v.yields

2GM
Ve = | R
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7.c You figure a spring is as good a launch device as any other. How far do you
need to depress a spring with spring constant k to never see the physics book
again.

7.c.a - Energy - 2 pts: Energy conservation for displacement x:

7.c.b - Final displacement - 2 pts:

_ 2GMm
*= I TkR

7.d Do you stand a chance of getting rid of physics this way? You quickly perform
an order-of-magnitude estimate. Itis G ~ 10711 Nm?2/kg? M =~ 10**kg, R ~
10°® m, and a typical spring from a car suspension has k ~ 103 N/m.

7.d.a - Book mass - 1 pt: Figuring a physics book has a mass of aboutm =
10%kg.

7.d.b - Inserting - 2 pts: Assign 1 pt for inserting the powers of ten and 1 pt for
inserting the units

_ Nm?2
10 11+24+0 Wkg kg

X =
N

1036 —m
m

7.d.c - Calculating - 2 pts:

13-9
x~10 2z m=10%m

7.d.d - Conclusion - 1 pt: You would have to depress a car spring on the order
of 100 meters, which is virtually impossible. You are stuck with physics.
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Problem 1

Asolid sphere (mass M, radius R) starts from rest at height h on an incline. It rolls down
without slipping, but no other friction.

! & \‘ ‘
V<—'__‘\\ \& \ ,: e h
N - 4

1.a What will be the speed of the sphere on a level surface at the bottom of the incline?
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1.b Would a solid disk with the same mass and radius, starting from rest from the same
height, roll faster, slower, or at the same speed at the bottom of the incline?
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1.c What would hap
easy relationship be
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Problem 2

and acceleration of a lawn mower moving in one

position, velocity,
ong a straight line.

The graphs show

dimension, i.e, al

Fill in the blanks; note tha

solutions

2.a

Position

Acceleration
—0;
Acceleration

2.b

Position

2.c

Time

Position
A
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6Ur\/q?b\fb

S
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2.d

Acceleration

Velocity

[~
n=l
=
3
a

2.e

Acceleration
L

I

Position
A

3
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Problem 3
Atan amusement park, a sickening new ride is proposed where the passengers

are moving (at least for a while) with
1

vt +o at?

(e) = Asin(wt)

A cos(wt)

3.a Where are the passengers at t=0, Le, at the beginning of the ride?

Fl 7797 [ As.(o) | .| 0

3.b What is the velocity vector of the passengers as a function of time?
22\ >

f V‘({' 1 “ /
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3.c What is the maximum magnitude acceleration that the passengers are
exposed to? Hint: sin?+cos?=1 &

! P Ve N
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3.d A typical person can tolerate accelerations up to 5g, where g is the Earth’s
gravitational acceleration (how much you would accelerate in free fall). The
design of the ride fixes the values for v, a, and 4, so these are given. Find the
maximum value of  that would be tolerable.
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Problem 4

Fred (mass m) earns his living as a human cannon ball. He gets fired from a
spring-loaded “cannon” (spring constant k) at an angle 6 with respect to the
horizontal, where the spring initially is pushed in a distance d. Neglect air
resistance and the height of the cannon.

- o
- - .

4.a What is Fred’s acceleration at the highest point of his trajectory?

4
z{ F & i
| W &4 {

4.b At what distance from the cannon does Fred hit the ground (same height as
the cannon)?
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