


  

Based on the findings from the experiments with the older 
generation of the laser-driven robots (ChevBots) [9,10,16], we 
introduced and updated a new laser-driven robot based on 
both static and dynamic behavior considerations and a design 
shown in Figure 2. The new driving structure called Elbow 
Thermal Actuator (ETA) is the modification of Vertical 
Thermal Actuators (VTA) used in thin-film MEMS actuator 
designs [11]. Upon heating, the ETA’s serpentine structure 
experiences thermal expansion, thus causing the actuator to 
supply the motion to the leg mechanism, and as a result, move 
the body of the microrobot. The actuators of the microrobot 
are working under a dynamic Opto-Thermo-Mechanical 
energy conversion process, therefore a multi-physics dynamic 
analysis of serpentine structure was conducted in order to 
select appropriate leg designs. 

 
Figure 2. SerpenBot design, based on serpentine actuator and the Elbow 

Thermal Actuator (ETA). 

A. Thermal Expansion and Displacement 

The optothermal effect is an increase in temperature of the 
material upon laser irradiation, which leads to thermal 
expansion. This effect was utilized in the case of the VTA 
beam structure [16] and by analogy, it can be applied for the 
new ETA serpentine geometry. Exposing ETA to the laser 
energy induces thermal expansion of the structure’s 
components (e.g. the serpentine spring) resulting in the 
motion of the robot’s leg (Figure 2). We can simulate the 
behavior of the ETA structure and approximate thermal 
expansion of the serpentine spring with a lumped model. The 
change in the length of the serpentine spring due to thermal 
expansion ∆𝐿 can be expressed in following way: 

d𝐿 = 𝛼𝐿0d𝑇, (1) 

where the 𝛼 is the thermal expansion coefficient, 𝑑𝑇 is the 
temperature change of the ETA structure, and 𝐿0 is the 
equivalent original length of actuator serpentine spring. The 
transfer of motion from the serpentine spring to the leg (Figure 
2) is enhanced with the help of lever component in ETA 
design. The enhancement rate is given by: 

𝛽 = 𝑙𝑎𝑙𝑏 , (2) 

where 𝛽 is the ratio of mechanical leverage, and 𝑙𝑎 and 𝑙𝑏 is 
the length of different parts of the lever. Therefore, the 
displacement of the microrobot’s leg 𝑑𝐿𝐿  is described by:  

 𝑑𝐿𝐿 = 𝛽d𝐿 = 𝛽𝛼𝐿0d𝑇. (3) 

B. Actuator Stiffness 

In the last section we have modeled the thermal behavior 
and motion mechanism of the ETA. In this section we 
determine the spring constant of the ETA based on its 

geometry. The serpentine geometry greatly influencesthe 
dynamic behavior of the actuator, because the serpentine 
shape has less stiffness compared to a beam design with 
comparable dimensions. Furthermore, the ETAspring 
constant determines the resonant frequency of the structure. 
The spring constant of the serpentine spring is a 6 by 6 tensor. 
However, considering our geometry in which spring thickness 
is much larger than width and length, we can approximate the 
dominant x and y directions (Figure 3) of the tensor. Thus, the 
spring constant of the serpentine spring in x and y direction 
are given by [12, 13]: 

𝑘𝑥 = [(𝑁 + 1)𝑙𝑜36𝐸𝐼𝑧𝑜 + (𝑁 + 1)𝑙𝑜2𝑙𝑝2𝐸𝐼𝑧𝑝 ]−1 , (4) 

𝑘𝑦 = [(2(𝑁 + 2)𝑙𝑝)3
3𝐸𝐼𝑧𝑝 + (8𝑁3 + 36𝑁2 + 55𝑁 + 27)𝑙𝑝2𝑙𝑜3𝐸𝐼𝑧𝑜 ]

−1
, (5) 

where 𝑁 is the number of times the structure pattern repeats, 𝑙𝑜 is vertical beam length, 𝑙𝑝 is horizontal beam length, 𝐼𝑧𝑜 is 

z-axis moment of inertia of 𝑙𝑜, and 𝐼𝑧𝑝 is z-axis moment of 

inertia of 𝑙𝑝, as shown in Figure 3. Through equations (4) and 

(5), we can design different geometry constants 𝑙𝑜, 𝑙𝑝, and 

change 𝑁 to significantly change the spring constant of the 
actuator. We can use these two formulas to estimate the spring 
constants of actuators and, later on, induce differential 
resonance in each leg.   

 

Figure 3. Serpentine spring of the Elbow Thermal Actuator (ETA). 

C. Actuator Dynamics 

In order to describe the behavior of the actuator in a 
dynamic situation, we can combine a lumped spring-mass-
damper system equation with the lever enhancement model. 
The second order differential equation for ETA can be written 
as: 

𝑀𝛽𝐿̈ = 𝐹𝑎 − 𝑘(𝐿0 − 𝐿) − 𝑏𝐿̇, (6) 

where 𝑀 is the mass of the leg, 𝐹𝑎 is the thermal stress, 𝑘 is 
the spring constant, 𝐿0 is the equivalent original length of 
actuator serpentine spring, 𝐿 is the actuator’s length after 

thermal expansion, 𝐿̇ and 𝐿̈ are the speed and acceleration of 
the actuator length change, and 𝑏 is the damping ratio. In this 
linear second order differential equation, and 𝐹𝑎 is generated 
stress due to the thermal expansion [16]. Therefore, our 
system is a linear third order system. After applying the 
Laplace transformation to the differential equation (6), we 
have determined that the system has three poles on the Laplace 
domain. One real pole from the thermal behavior, and two 
poles from the mechanical vibration (Figure 4). This 
observation can provide us with good guidance for the design 
of an actuator with given range of frequency. 
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 For microrobot trajectory shown in Figure 10(a), we can 
describe motion and steering mechanism of the given 
SerpenBot by referring to each of the 7 marked sections: 

1) The robot is initially at rest and starts to move forward 

upon exposure to the laser with mod. freq. f = 1000 Hz. 

2) Change f to 600 Hz - robot turns left ~45° – small curve 

radius. 

3) Change f to 1000 Hz - robot moves in forward direction. 

4) Change f to 1700 Hz - robot turns right gradually ~180° – 

large curve radius. 

5) Change f to 1000 Hz - robot moves in forward direction. 

6) Change f to 600 Hz - robot turns left ~90° – small curve 

radius. 

7) Change f to 1000 Hz - robot moves in forward direction. 
 

Using this sequence of laser frequencies, SerpenBot can 
be steered by switching the modulation frequency of the laser 
between three values. The same level of control was achieved 
for the microrobot No.29 but naturally with a different set of 
frequency values – due to different geometry of the actuators 
and leg shapes (Figure 9). The shape of the recorded trajectory 
of the No.29 robot reveals that described steering control for 
this robot is also repeatable. It is can be seen in Figure 10 that 
similar maneuvers (turns) are repeated by the SerpenBot 
several times. The velocity of the robot can be controlled by 
the light intensity of the pulsed laser. For our experiments, the 
average forward/backward velocity was 68 microns/s and 57 
microns/s respectively, the turning angular velocity was 2.3 °/s and 3.8 °/s. 

VI. CONCLUSION AND FUTURE WORK 

In this paper, we have introduced a new type of thermal 
actuator, Elbow Thermal Actuator (ETA) for SerpenBot - a 
laser-driven MEMS microrobot. Applying theoretical analysis 
and simulation we determined that the leverage mechanism of 
this type of thermal actuator can enhance thermal expansion 
to achieve larger static displacement. By tuning the geometric 
parameters of the actuator, such as lengths, widths, and 
number of serpentine turns, we can achieve different resonant 
frequencies of the actuator in a dynamic scenario, and design 
microrobots with different leg responses.  

We have experimentally validated our differential leg 
dynamic models by illuminating SerpenBots with different 
laser frequencies through a customized laser  and visual 
servoing tracking experimental instrument. The position of 
the microrobot was tracked while laser pulse frequencies were 
swept in a wide range. Results show that it is possible to 
achieve locomotion and steering control of the robot by tuning 
the laser frequency. We have determined experimental 
frequencies needed to realize locomotion and steering control 
for two different microrobot designs and verified that the 
resulting motions are repeatable.  

In future work we will focus on implementing closed-loop 
motion controllers for microrobot steering along planned 
trajectories by tuning the laser driving frequency, spot 
intensity and position.  
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