
ME 449 Midterm Name:
October 26, 2022

Always show your work or reasoning so your thought process is clear! If you need more
space for your work, you can use the back side of the previous page. No electronics
(phone, watch, tablet, computer, calculator, etc.).

1. (8 pts) A grounded SRS robot arm, shown below, is used for a variety of tasks, such as
opening a door, writing on a board, and erasing a board. When the robot gripper firmly
grabs an object (a door lever, a piece of chalk, or an eraser), the object is fixed (stationary)
relative to the last link of the robot.
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(a) How many degrees of freedom does the arm have? (Do not count any dof of the gripper
that is mounted at the end of the arm.)

Now we will constrain the arm in various ways. See the figure below for the next three
parts of the question.
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(b) The robot firmly grabs a lever door handle. The door rotates about a hinge and the
lever rotates about a pivot. After the robot firmly grabs the handle, how many degrees
of freedom of motion does the robot-lever-door system have?

(c) Now the robot grabs a piece of chalk and presses the tip against a chalkboard. While
constrained to keep the chalk pressed against the blackboard, how many degrees of
freedom does the robot-chalk-board system have?

(d) Now the robot grabs an eraser and presses it flat against the chalkboard. While con-
strained to keep the eraser flat against the blackboard, how many degrees of freedom
does the robot-eraser-board system have?



2. (4 pts) Consider a world frame {a}, a frame fixed to an object {b}, and a frame fixed to
the end-effector of a robot arm {c}. The configuration of {b} relative to {a} is T1 and the
configuration of {c} relative to {a} is T2.

(a) Express Tcb in terms of T1 and T2.

(b) Give the se(3) form of the twist, expressed in the {c} frame, that would move the
end-effector frame {c} to the object {b} in one unit of time.

3. (6 pts) Consider two frames, a stationary frame {a} and a frame at {b} attached to a rigid
body. The configuration of {b} relative to {a} is given by Tab. The rigid body moves, following
a twist Vb for a time t. Then it moves again, following a screw axis Sa a distance θ. The
frame attached to the rigid body is now at {b’}.

(a) Using matrix logs and exponentials as appropriate, give the se(3) form of the twist [Va]
(i.e., represented in the {a} frame) that moves {b} to {b’} in T units of time.

(b) If [Va] is represented as

[Va] =


0 d e a
−d 0 f b
−e −f 0 c
0 0 0 0

 ∈ se(3),

write the corresponding screw axis Sa ∈ R6.

4. (4 pts) A robot’s end-effector is moving with a twist Vc (expressed in a frame {c}) while
applying a wrench Fd (expressed in a frame {d}). What is the power generated (or absorbed)
by the end-effector?



5. (10 pts) Consider the 4R robot arm below, shown at its home configuration, θ = 0. The
axes of the four revolute joints, J1–J4, are illustrated. J1 points up on the page, J2 and J3
are out of the page, and J4 points to the right.
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(a) Give Tsb(0).

(b) Write the body Jacobian Jb(0).

(c) At this configuration, what is the dimension of the space of wrenches applied to the
end-effector that require no torques by the robot joints to resist?

(d) If a wrench Fb = (mx,my,mz, fx, fy, fz) is applied to the end-effector, and the robot
applies joint torques to resist it, what torque τ1 is being applied by the motor at joint 1?


