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Question 1 (Advanced Robotics) – ENGG 5402 
 
1. Analyse the kinematics and dynamics of the SCARA robot shown in Fig. 1.  
a. (2%) Find out its classic/standard Denavit-Hartenberg parameters table. To simplify the 

problem, in Fig. 1, all coordinates are already provided.  
b. (3%) Compute its direct kinematics. The task considered in this question is the end-

effector position . 
c. (2%) Solve its inverse kinematics based on the definition in question b. 
d. (1.5%) Compute its Jacobian based on the definition in question b and c. Either 

analytical or geometric Jacobian is ok. 
e. (1.5%) Find out its dynamic modal. For simplicity: link 3 and 4 can be considered as a 

unique rigid body (link) which translates along axis  of the prismatic joint 3 and rotates 
about axis  of the revolute joint 4. Let   denote the mass of this complete rigid body 
(link). It is also assumed that the centre of mass of this link is located on axis . Use  
for inertia tensor of this link relative to the centre of mass. Also assume that the motors 
of joint 3 and 4 have negligible mass and inertia. Students are also free to choose the 
symbols they prefer to help with the presentation. Hint: to compute inertia matrix, 
Christoffel symbols (for computing Centrifugal and Coriolis forces) of the model. 

 
Fig. 1. SCARA manipulator 

 
Note: for students who prefer to use modified Denavit-Hartenberg, they can redraw the figure 
with proper symbols but with clear explanation, and work out the same five sub-questions.  

 
End of Question 1 (Advanced Robotics) – ENGG 5402 
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Question 2 (Linear System Theory and Design) – ENGG 5403 
 

 
End of Question 2 (Linear System Theory and Design) – ENGG 5403 

- Page 2 of 14  -  
 



Question 3  (Micromachining and Microelectromechanical Systems)  
– ENGG 5404 
 
 
1. As shown in the figure below, KOH is used to micro-fabricate a square diaphragm on a 
(100) silicon wafer (550 μm thick) with a desired membrane thickness of 8 μm and a size of 
400 × 400 μm2. The etch rate of KOH to silicon is 40 microns/hour.  
 
(a) Assuming the wet etching process is uniform, estimate the required etch time. 
 
(b) If the etching finished 2 minutes later than the correct timing calculated in (a), estimate 
the mechanical property (i.e., membrane stiffness and resonant frequency) variations in 
percentile. Use the equation of a clamped circular membrane to perform first order analysis, 
i.e., stiffness (k) ~ 192[πEh3/12(1-ν2)]/r2, where E is the modulus; ν is the Poisson’s ratio; h 
and r are the thickness and radius of the diaphragm. (E = 140 GPa for silicon) 
 
(c) Draw the photomask for the process. List one suitable masking material for the KOH 
etching. 
 
(d) If during the photolithography step, the mask is angularly misaligned for 3°, what will be 
the resulting diaphragm size, thickness. Based on this, estimate the resonant frequency of the 
membrane.  
 
(e) Since KOH etching is not truly uniform, what additional processing steps will you include 
to improve the precision of the membrane thickness?  
 
 

10 µm
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500 µm
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Figure. Cross-section diagram of the square diaphragm microfabricated by KOH. 

 
 
 
 

End or Question 3  (Micromachining and Microelectromechanical Systems) 
– ENGG 5404 
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Question 4 (Nonlinear Control Systems) – MAEG 5070 
 

 
 

End of Question 4 (Nonlinear Control Systems) – MAEG 5070 
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Question 5 (Smart Materials and Structures) – MAEG 5080 
 
 
 

 
 
 

End of Question 5 (Smart Materials and Structures) – MAEG 5080 
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Question 6 (Topics in Robotics) – MAEG 5090 
 
Part A: Modeling of a typical soft rotary origami joint. 

 
Given a classic rotary soft origami joint as shown in Fig. 1, the rotary soft origami joint could 
achieve controllable bilateral rotation under dedicated pneumatic actuation. Please derive the 
model to illustrate the working principle of the soft origami rotary joint. 
 
(1)  The central angle of the origami chamber in the initial neutral state is θ0 , in a fully folded state under 

negative pneumatic actuation (vacuum) state is θmin, in the maximum expanded state under positive 
pneumatic actuation is θmax. r1 and r2 are the constants of the radius of the origami chamber as shown in Fig. 
1. Please derive the calculation of (θmin , θmax , r1 , r2 ) based on the geometrical design parameters (a, b, c, d, 
h, t, n) shown in Fig. 1. 

(2)  Using a cylindrical shape to simplify the inflated origami chamber, as shown in Fig 1(f), the T1 and T2 are 
the individual torque generated by chamber 1 and chamber 2 respectively. k is the inherent stiffness 
constant of the origami material. P0 is the standard ambient air pressure. P1 and P2 are the actuation 
pressure for chamber1 and chamber2. h, r1, r2 are constants from the parameter design. Please derive the 
overall generated torque T of the origami joint.  

(3) Please derive the joint stiffness K with the variables of  ∂P1 /∂α and ∂P2 /∂α.  

(4) Assume the rotary origami joint is working in an adiabatic process, where   is provided, and  is 
the specific heat ratio. Please further derive the expression of joint stiffness K based on the expansion 
of ∂P1 /∂α and ∂P2 /∂α.  

(5) Given M is the inertia matrix, Γ is the external load, Ff is the modeled friction, and G = mgh cos α is the 
potential energy of mass m at a height of h cos α in a gravitational field with constant g. Besides, the  is 
the mass flow rate, and  and  are the mass flow-in and mass flow-out rates through valves. The 
mass flow rate calculation is given as: 

 
where the discharge coefficient of the orifice C0 is a dimensionless constant term in most engineering works, C1 

and C2 are constants for a given fluid, and Pd and Pu are, respectively, the downstream and upstream pressures in 
the pneumatic circuit. Please derive Lagrange’s equation of motion for the rotary joint and the dynamic air 
pressure for the joint chamber1 and chamber2.  
 

                                           - Page 6 of 14  -  cont’d/…… 

Fig. 1. The illustration of a classic rotary soft origami joint. (a) Joint neutral state. (b) Joint fully folding 
state. (c) Joint fully deployed state. (d) Geometrical parameters of one unit joint in neutral state. (e) 
Origami formation from the flat sheet.   

(f) 



Cont’d/………….Question 6 (Topics in Robotics) – MAEG 5090 
 
 
 
Part B: Summary of dominant variable stiffness approach for soft robots. 
Please fill in the table based on the content we discussed in the variable stiffness topics of the 
course MAEG-5090.  
 
Summary of variable stiffness approaches for soft robots 
Stiffness 
modulation 
approaches 

Type of control Principle Materials/composing 
components 

Robotic 
applications 

1.      
2.      
3.      
4.      
 

 
 

End of Question 6 (Topics in Robotics) – MAEG 5090 
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Question 7 (Quantum Control & Quantum Information) – MAEG 5110 
 
 

 
 
 

End of Question 7 (Quantum Control & Quantum Information) – 
MAEG 5110 
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Question 8 (Nanomaterials and Nanotechnology: Fundamentals and 
Applications) – MAEG 5120 
 
 
 
 
1.1 Electron microscopy is a powerful tool for sample inspection at nanoscale using high 
energy electrons as a radiation source. (i) Regarding the interaction depth of the incident e-
beam with a specimen, compare the following three signals: (a) secondary electrons, (b) 
characteristic X-ray emission and (c) back-scattered electrons. (ii) Which signal has the 
highest sensitivity for sample inspection of its surface morphology, and which one is suitable 
for element analysis of a sample? Explain briefly why. (5 points) 
 
 
 
1.2 List the pros and cons of using optical tweezer (OT) and magnetic tweezer (MT) for 
trapping and manipulation of micro-/nanoscale objects from the following three aspects (i) 
the range and precision of manipulation force (ii) flexibility and dexterity for manipulation 
(e.g. 2D/3D, possibility for batch process) (iii) the limitation of the manipulation objects (5 
points) 
 
 
 
 

End of Question 8 (Nanomaterials and Nanotechnology: Fundamentals and 
Applications) – MAEG 5120 
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Question 9 (Computational Mechanics) – MAEG 5130 
 
 
A 2D weak form for heat conduction in a domain plotted in the figure below is: 

Find smooth temperature field T with T = 5 on AB such that 

 
 

Derive the strong form using step-by-step calculation. 

 

Figure. Domain for the problem 

 
 
 

End of Question 9 (Computational Mechanics) – MAEG 5130 
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Question 10 (Advanced Heat Transfer and Fluid Mechanics) – MAEG 5150 
 
 
Answer each question concisely.  (10 marks) 
 
 
1. The following figure shows that different types of silicon could have very different thermal 
conductivity. Explain the possible reasons.   
 

 
 
 
 
2. The following reaction pair (considering both forward and reverse reactions) occurs in 
methane (CH4) combustion: 

CH4 + OH 
 

CH3 + H2O. 

 
A student conducted experiments to successfully measure the rate coefficient of the forward 
reaction, which is given by the Arrhenius equation:  

kf (cm3 mol-1 s-1) = 1.00×106 T 2.182 exp(-1231/T), 
where T (K) is tempeature. 
 
Determine the rate coefficient of the reverse reaction (kr) at the temperature of 1500 K and 
pressure of 1 bar.  
Gas constant: Ru = 8.314 J mol-1 K-1. The thermodyanmic table is provided below. 
 
 
 
 

- Page 11 of 14  - 
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Cont’d/………Question 10 (Advanced Heat Transfer and Fluid Mechanics) – 
MAEG 5150 
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Cont’d/………Question 10 (Advanced Heat Transfer and Fluid Mechanics) – 
MAEG 5150 

 

 
 
 
3. To assess the velocity scale of the smallest eddy, the Kolmogorov velocity, , can be used. 
It is related to the kinematic viscosity, , and the turbulence dissipation rate, ε. Derive the 
relationship between Kolmogorov velocity and viscosity and dissipation rate using 
dimensional analysis. 
 
 
4. To derive the momentum equation for Reynolds-Averaged Navier-Stokes (RANS), the 
following term needs to be derived: 

 
Use the following two terms to express the above term. Please write down the detailed 
derivation procedure to receive the marks. 

 
 

 
End of Question 10 (Advanced Heat Transfer and Fluid Mechanics)  

– MAEG 5150 
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Question 11 (Design for Additive Manufacturing) – MAEG 5160 
 
 

 
 

 
 

End of Question 11 (Design for Additive Manufacturing)  
– MAEG 5160 
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