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ABSTRACT

Traditional design methods for engineering applications aim to achieve optimal performance for specific conditions
or moderate performance for a broader range of conditions. However, the optimal performance for a wide
spectrum of situations can be facilitated if such systems possess reconfiguration capability. It can be illustrated
in the example of structures with steerable joints, which is a popular approach in robotics. By rotating the
joints to a different degree, a plethora of resulting configurations can be achieved — configurations that might
be specifically suited for the required conditions. Systems based on these principles can be implemented on
the macroscopic level in adaptive facades, on the mesoscopic level in mechanical metamechanisms, and at the
microscopic level in microelectromechanical devices. In general, adaptive structures often require numerous
actuators to facilitate a wide range of reachable configurations, leading to increasing energy demands as the
system size increases. This can be seen in the case of robotics when each joint can be independently actively
rotated to drive the motion corresponding to the specific degree of freedom. This paper analyzes an alternative
situation, when the joins are semi-active and can exist only in either a locked or unlocked state, with only
one (last joint) being actively steered. In the ideal case, the energy should be consumed only for switching
between states, while maintaining the state should be free with locking achieved via switchable friction. While
theoretically improving energy efficiency, such a system makes it much more challenging to control the resulting
shape of the structure as compared with its counterpart with actively rotating joints. In this paper, we develop
a motion planning algorithm to facilitate the achievement of the desired shape via control over the state of the
joints and the position of the last link. In particular, the change of shape is performed by a sequence of single-
degree-of-freedom motions determined by a motion planning algorithm based on Rapidly exploring Random Trees
and sub-slider-crank systems (RRT-SC). One application of the proposed method is evaluated for reconfigurable
building facades and paves the way for the next generation of structures in smart cities.

Keywords: Robust control, adaptive structures, adaptive architecture, motion planning, tracking control, re-
configurable

1. INTRODUCTION

Depending on the design goal, engineers might opt for one of two options: create systems that are extremely good
for a very narrow range of conditions and do not work beyond this range (typical for metamaterials' ?), or systems
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that are averagely good across a broader range of conditions. Reconfiguration capacity enriches the potential of
structures to deliver good performance regardless of external circumstances. Reconfiguration along with sensing
and processing are the three key pillars of adaptivity — the trait that transpires in living materials. The concept of
reconfiguration on the fundamental level is tightly connected to the idea of "mechanism” — a system consisting of
multiple parts connected in a specific fashion. In many cases, mechanics can be described as a system containing
rigid elements separated by the joints where the rotation or linear motion is possible. Rotation in the joints can be
either actively driven by the actuator inside of the specific joint or by motion of the neighboring elements.? Under
this umbrella term, one might put the systems existing on different length scales: from macroscopic adaptive
facades® ¢ via mesoscopic metamaterial-based mechanisms”® to microelectromechanical devices (MEMS) on
a microscopic level.” 0 A higher number of active actuators or joints enables a wider state space, however,
energy input scales exponentially with the length scale of the system. Therefore, systems similar to MEMS
digital micromirror devices'! with hundreds of thousands of independent active elements are not feasible on a
macroscale. Due to that, complex mechanisms on the mesoscale and macroscale usually use less active elements
and have to harness interaction between them to achieve the desired functionality, which is not a trivial control
task. Normally, the reconfiguration is not required to be performed very frequently, so the majority of the time
the system exists in standby mode. However, if electrical components such as motors are used in joints for their
rotation, even in the standby mode, the system still consumes energy. An alternative solution relies on semi-
active joints that can switch between open and closed states using energy only for switching. In this case, joints
can employ different physics, in particular utilizing switchable friction or bistable elements.'? In this paper, we
adopt this approach and develop a strategy for controlling the resulting shapes of 1D chain-like mechanisms with
semi-action friction-based joints applying them to the adaptive architecture concept.

2. METHODOLOGY
2.1 Proposed mechanical system

A mechanism is formed by connecting rigid bodies (links) with joints that allow a relative movement between
adjacent links (Fig. 1a). To cause the mechanism to move it is necessary to make one or multiple joints active.
Usually, these system allows a fast change of shape if all of the joints actively rotate using already developed
motion planning and control algorithm.!®> However, to minimize the energy consumption and potentially simplify
the joint design, in the considered system, the motion is prescribed only on the last link in the chain in the form
of linear translation in the horizontal direction as shown in Fig.1b. Simultaneously, the remaining joints can
dynamically switch between locked and unlocked states. In an unlocked state, the rotation of the connecting
links is free, while if the joint is in the locked state, the system loses one degree of freedom.
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1 1:unlock
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Figure 1: Actuation system for rigid links and rotational joint system (a) Conventional approach (b) Proposed
approach

The proposed mechanical system can be classified as a serial closed kinematic chain with n links as shown in
Fig. 2a. This system has a total of n—1 degrees of freedom and a single actuator. Therefore, conventional motion
planning algorithms will not guarantee an accurate shape change, especially if the number of links increases. In
addition, the speed of change of shape is lower compared to the conventional approach with several actuators.
Therefore, there is a need for a new efficient motion planning algorithm for this proposed mechanism.
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Figure 2: Proposed mechanical system (a) Concept (b) URDF of reconfigurable system

The following sections focus on the development of components necessary to achieve an autonomous change
in the shape of the system. These include a new motion planning algorithm, physics-based modeling, real-time
image-based measurements, tracking control, and prototypes of the locking mechanism. For these developments,
it was necessary to understand the kinematics of mechanisms that are formed with rigid bodies and rotational
joints. A Unified Robotic Description Format (URDF) model was generated using MATLAB to understand joint
configurations with inverse kinematics as shown in Figure 2b.

2.2 Proposed motion planning algorithm

The conventional motion planning algorithms will not guarantee an accurate change of shape because the number
of degrees of freedom (n-1) is higher than the number of actuators (m), especially if the number of links
increases. A complete motion of any system requires that the degrees of freedom are equal to the number of
actuators. This means that it is possible to leverage the use of the dynamic lock/unlock mechanism to reduce
the degrees of freedom from n-1 to m, and sequentially control the shape of the system. If the system only
has one actuator, this approach is known as the “effective crank-slider”!'* because it reduces the system to a
generic slider-crank mechanism with a single degree of freedom as shown in Fig. 3. The selection of consecutive

Figure 3: Reduction of degrees of freedom with locking mechanisms to generate an effective slider-crank mecha-
nism. The red joints are locked and green joints are unlocked

steps is not a straightforward task because the amount of possible sequences is equal to (n — 1)!/(n — 4)L.
In addition, these types of systems can achieve configurations where two links are co-linear, meaning that
they reach an extremely extended or contracted position. This is known as a toggle position, and they can be
problematic from the motion planning perspective because they are unpredictable.'® To address these challenges,
the new proposed motion planning algorithm combines the principles of the “effective crank-slider” with a well-
established exploration algorithm known in robotics as the Rapidly-exploring Random Trees (RRT).'¢ The
proposed algorithm is denominated as RRT-SC and the idea is to find the sequence of steps required to achieve
a desired shape while avoiding toggle positions. The pseudo-code of this method is shown in Algorithm 1.

The proposed algorithm can randomly choose configurations from G to generate the next branches of the
graph. This random selection and generation control the exploration and exploitation of the algorithm as shown
in Fig. 4. Each node represents a vertex of the graph G with configuration ¢;, and each line is a vertex of G that
represents the transition between configurations. The first version exploits good configurations and reaches the
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Algorithm 1: RRT-SC algorithm

Data: initial configuration g;,:, final configuration gepq
Result: graph G with path between ¢;ni; and geng

Qnew = Ginit;

G.init < Qnew;

while Anew 7£ Gend do

Choose an existing configuration from G, qq;
Generate an effective slider-crank (unlock 3 joints);
Adjust angle on the first joint and generate gyeq;

if Angle doesn’t cross toggle position then
G.addvertex(qnew);

G'addedge(q(h QTLew);

else

Generate ¢neq right before reaching toggle position;
G.addvertex(qnew);

G'addedge(qu Qnew);

end

end

goal fast, however, convergence may not be guaranteed. Contrarily, the third version does excessive exploration
to find the optimal path but it requires more computational efforts. Therefore, the second version is balanced
in both aspects. Thus, the final proposed algorithm has a balanced behavior that reduces computational time
and avoids redundancies because it chooses configurations “close” to the final configurations to generate the new
branches, and generates four effective slider cranks from this configuration.
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Figure 4: Exploration vs Exploitation for graph G(a) High exploitation (b) Balanced exploration and exploitation
(c) High exploration

2.3 Joint space motion model

Once the sequence of motions is established by the RRT-SC algorithm, the next step is to guarantee a smooth
trajectory between steps to transition between shapes according to the capabilities of the actuator, the external
forces applied on the system, and the locking forces generated by the joints. For this purpose, a physics-
based model that incorporates these components was generated using Simscape in MATLAB SIMULINK. The
simplified block diagram of the system is shown in Fig. 5a,

Where @Q = [¢;4]T is the state vector of the dynamic system, g is the vector of angles of the system, x. is
the command displacement of the actuator, x,, is the measured displacement of the actuator, z. is the error
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Figure 5: Physics-based model (a) Block diagram and (b) Preview

Robot dynamics
F,| 0=f@Fulefd | xp,

between command and measured displacement, v is the command to the actuator, G, is the controller that will
be described in detail in section 2.4, GG, is the actuator dynamics, F.;; is the matrix of external forces applied
on the rigid body, L. is the locking command vector, F, is the force applied by the actuator to the system, and
f() is the function of rigid body dynamics defined as:

N q
Q=1 M) (~Clg, )q — Ce(q) — J(@)T(Foa + LeFloe + Fa) (1)

where M (q) is the joint-space mass matrix, C(q, ¢) are the Coriolis terms, G¢(q) are the gravity torques and
forces, J(q) is the geometric Jacobian for the specified joint configuration, and Fj,. is locking force provided
by the mechanism discussed in section 2.5. Based on this modeling approach, a preview of the system can be
generated as shown in Fig. 5b.

2.4 Tracking control of actuator

The tracking controller G shown in 1 defines the command to the actuator to produce a force output of the
actuator to move the reconfigurable system towards the command displacement x.. The proposed controller
consists of a proportional-integral-derivative (PID) controller!” as follows:

u = GC(KP,Ki,Kd,.’L‘e> = —pre — Ki /.’L‘e — Kdl"e (2)

where K, K;, and K, are the proportional and derivative gains of the controller. Since the change of shape
of the reconfigurable system has a sequence of sub-slider-crank systems, each one with different lengths and
distribution of masses, the controller gains need to be defined in a way that they guarantee accurate trajectories
for a range of slider-crank geometrical properties. As an example of the challenges for the controller, if the
system has 10 links (n = 10), with unitary length and mass density, the dynamics of the actuator are simplified
as F, = u, the PID gains are K, =100, K; = 100, and K4 = 10, the initial actuator location (z¢) is randomly
selected and the command displacement (. = 1.1zg), the response of nine sub-slider-cranks (SC, ;) with links

lengths (a and b) varying from 1 to 9, are shown in Fig. 6a.

The responses shown in Fig. 6a show a clear difference of accuracy when the sub-slider-crank mechanism
changes geometric properties. There are cases where the response is slower than others, this may be acceptable in
some practical cases where the change of shape can take longer. However, there are cases where this compromises
the sequence of steps provided by the RRT — SC algorithm. Thus, there needs to be a more careful selection of
PID gains according to the range of geometrical properties of the reconfigurable system. After trial and error,
if the gains are chosen as K, = 500, K; = 1000, and Ky = 18, a better response is guaranteed, providing more
robustness to this type of variation.
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Figure 6: Step response of sub-slider-crank mechanisms for (a) Inaccurate gains and (b) Robust gains

2.5 Proposed locking mechanisms

In general, the semi-active joints can be classified into two categories depending on the locking principles:
mechanical'® 20 and friction-driven.?'2* The first category relies on the permanent mechanical interlocking
between two rigid bodies and can be found in latches, ratchets, and dog clutches. Friction-driven locking relies
on the contact between the surfaces of two bodies. Among the most common types of mechanisms relying on
surface-to-surface contact, one might name, for instance, disc brakes, activated hydraulically.?> While joints
relying on mechanical locking usually require sophisticated geometry or parts, friction-based devices are much
easier from a design point of view. Simultaneously, interlocking between two rigid bodies is more robust and
usually can withstand higher forces compared with friction-based joints.2® Since the force of friction generally
depends on the normal force applied to the surfaces, relatively high forces need to be generated in the normal
direction to increase the friction force and arrest the motion in the hinge. At the same time, compared with
mechanical clutches, friction-based locking devices can be stopped at every possible position, which is important
for applications in which having a discrete number of fixed joint positions is not a viable option. Therefore,
there is a clear trade-off between the design/control complexity and versatility of the locking hinges. Another
important aspect of the active locking joints is associated with the activation principle itself. If the friction-based
locking principle is selected, then, as mentioned before, the normal force should be high enough to lock the joint
in place. Therefore, some kind of force amplifier (mechanical lever) is often required, making the design and
fabrication of miniature friction-based locking devices challenging.

To imitate the mechanism described earlier, at the beginning, we used manual adjustment of the bolts located
at the joints between straight beams as shown in Figure 7. As one might see, the resulting shape of the chain-like
device for the same position of the horizontally moving stage depends on the state of the joints (locked /unlocked).
It shows the feasibility of our approach with 1D systems with multiple locking/unlocking elements. For transition
to the electronically activated system, we used a locking mechanism based on servomotor as shown in Fig 8. In
the unlocked state, the ends of the neighboring beams do not touch allowing them to rotate freely. However,
when the servomotor is energized, its rotation leads to the contact between the beam’s ends resulting in their
inability to move independently, fixing the angle between beams. With this setup, the locking and unlocking
can be triggered on demand via a simple microcontroller. We need to note, that this particular realization of
the friction-driven joint is not very efficient, since the servomotor has to be energized all the time to hold locked
states. We believe, that with slight modification of the mechanism, it is possible to achieve stability of both
states (locked and unlocked) without keeping the joint energized. In the current state, the developed principle is
used to demonstrate the possibility of controlling the shape utilizing only semi-active joints as opposed to joints
that can actively rotate.

The whole system shown in Fig. 9 was assembled from four active hinges and attached to the linear stage
that can move horizontally. The control over the state of the joint was realized using a home-built system
incorporating FT232H and PCA9685 boards for I12C communication between the PC and each joint. Green
markers were placed on the top of each joint to simplify tracking described in the section 2.6. The resulting shape
of the chain-like structure depends on the status of the hinges. Multiple different resulting shapes were achieved
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for the same position of the linear stage. The switch between states can be performed during the motion itself,
enabling the implementation of path-finding methods developed in 2.2. In addition, the demonstrated system
provides an opportunity to introduce defects (broken hinges) on demand to assess the capacity of the system to
compensate for mistakes, which will be done in the future using either visual tracking or P2P communication
between node-hinges for large-scale systems.

(a)
Figure 7: Different resulting configurations for the same position of the linear actuator demonstrate the feasibility
of using locking hinges for the programming of the shape of the chain-like structure.

(a) (b)
Figure 8: The locking principle of the device is based on the rotation of the internal shaft (yellow). The unlocked
state (left) occurs then the inclined surfaces are in direct contact. After counter-clock rotation, the green moving
ring compresses the beams facilitating pressure-driven locking (right).

2.6 Tracking system via image processing

Since the system requires several steps to change the shape, it is necessary to measure in real-time if the joints are
achieving the desired locations during motion to avoid undesired shape results or cumbersome shapes that have
toggle positions. For this purpose, two image-based algorithms were developed to measure the location of joints
and the angle between links. The first algorithm is a static measurement of these properties, and the second
is a continuous measurement that is useful to avoid reaching toggle positions or to avoid collisions. The first
algorithm takes a picture of the system at a specific instant and finds the positions of markers that are placed at
the joints of the reconfigurable system. Then, the distance between markers is computed and according to the
length of the links, the sequence of nodes is assigned from the fixed base to the slider node as shown in Fig 10a.
After obtaining the corresponding initial and final node of each link, the angle of the joints can be computed
and compared to the desired angles determined on a specific step of the motion planning algorithm.

For continuous measurement, it is required to define regions of interest (ROI) based on the markers placed on
the locking mechanism, this is achieved by finding circles on the image and the ROI is rectangles on each joint as
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(b)
Figure 9: Sample prototype of 1D chain with four active joints. The green markers are placed on the top for the
tracking system. Four digits (1 and 0) in the bottom left corner represent the state of each joint (1 — locked, 0
— unlocked).

shown in Fig. 10b. Inside each ROI a series of points of interest are defined near the edges of the markers, and
then the Kanade-Lucas-Tomasi (KLT) feature tracker algorithm records the location of these points while the
system is moving. The values inside each ROI are average to obtain an approximate location and displacement
of the joints. Then, these values are used to compute joint angles and impose conditionals to avoid obstacles
or toggle positions during the motion of the system. The systems showed very reliable tracking in the virtual
setup, and in the future will be adopted for the real setup shown in Fig. 9.

(a) (b)

Figure 10: Displacement tracking algorithms a) Static measurement b) ROI for continuous measurement

As an example, Fig 11 compares the command angles and the measured angle with the proposed algorithm
for a shape change from a triangle to a square shape. There are some minor discrepancies in joints 10 and 11
due to the lack of edges inside the region of interest from the video of the simulation.

3. RESULTS AND DISCUSSION

To demonstrate the applicability of the developed system, we consider its usage as a prototype of adaptive
facade.® Specifically, we consider the opportunity to modify the corners of the buildings to, for instance, improve
the aerodynamic performance.?”2® A set of 7 minor corner modifications shown in Fig. 12 were generated
with 10 links to demonstrate the potential of the proposed methodology. Between these generated shapes, it is
possible to choose 42 pairs and generate a sequence of motions to transition in between them. The proposed
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algorithm was implemented for all scenarios and it successfully found a path for. As an example, Fig. 13 shows
the sequence of steps found by the algorithm to transition between a big recessed corner and a small recessed
corner. The red and green circles indicate locked and unlocked joints, respectively, the green dotted line shows
the effective slider-crank mechanism and the force F' shows the direction of motion. This example only required
four steps to reach the final configuration.

Step 1 F | Step2 Step 3 F Step 4

Figure 13: RRT-SC results between recessed corners

Since this system is intended to be placed on a corner of a building, obstacle detection was added as a feature
to the motion planning algorithm to avoid collision of links against the building. Fig. 14 shows the sequence of
steps found by the algorithm to transition between the small recessed corner and the big recessed corner without
touching the gray area that symbolizes the building.

Step 4

Step 1 F Step Step 3

I'\
—

Figure 14: RRT-SC results including obstacle detection

Fig. 15 shows another example of corner modification between a triangle and square corners. Similar to
the previous two examples, it required a few steps to find the final configuration. For these steps, there were
three sub-slider-crank mechanisms with different lengths. Using the joint space motion model shown in Fig. 6,
the robust PID controller designed in section 2.4, under the assumptions of unitary mass density, unitary link
lengths, and simplified actuator dynamics, the displacements shown in Fig. 16 were obtained.

Step 1 Step 2 Step 3 F | Step 4

F
—_— 1 F

1

Figure 15: RRT-SC results between triangle and square
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Figure 16: Physics-based simulation using robust PID control

The error displacements using 10 seconds of simulation for each step, were 0.018, 0.0206, and 0.0049 units,
respectively. If the length of each link is 1, this can be considered as a negligible error, and tracking displacement
provided enough accuracy to change the shape between triangle and square corners.

Based on these results, the recommended sequence of steps to use the proposed methodology is:
1. Define initial (¢;nitiar) and final configurations (gend),

2. Design a robust PID controller based on robot and actuator dynamics,

3. Find a sequence of steps between configurations using the RRT-SC algorithm from section 2.2,

4. Use the displacement command (x.) and corresponding locking commands (L) to move the system to the
first step,

5. Use the continuous image-based tracking system to monitor obstacle collisions (stop motion in case of
proximity with objects),

6. If the system reaches the desired displacement, take a photo with a camera, and perform the static angle
measurement shown in Fig. 10b

7. Compare measured angles with desired angles from RRT-SC at the first step:

(a) If the difference is small (less than a threshold), the motion continues

(b) If the difference is large, re-planning needs to take place using the final configuration as the new initial
configuration.

4. CONCLUSIONS AND FUTURE WORK

The proposed methodology, including dynamic locking mechanisms, motion planning algorithms, physics-based
modeling, robust tracking control, and image-based measurements enables new technologies for reconfigurable
structures that can be applied at different length scales. The proposed motion planning algorithm can be
generalized to any number of links and desired shapes, however, the computational demand for a large number
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of elements needs to be studied to evaluate feasibility for small-scale applications that could require more elements
than meso- and macro-scales. In addition, a single PID controller may not be feasible for all the possible sub-
slider-crank mechanisms inside a system with a large number of elements, therefore, new control strategies would
need to be studied such as gain scheduling and adaptive controllers.?? In general, the physical prototypes for
the proposed reconfigurable system at the current stage cannot be classified as energy-efficient due to the need
for holding power during locking. Future work includes modification of the proposed mechanisms that will have
two stable states. A brief review of the energy efficiency of other possible locking friction-based systems has
been performed, showing the necessity of a compromise between energy requirements and achieving the minimal
force needed for robust locking. Additional interest includes evaluating the load-bearing capability and real-time
adaptation facing environmental loading conditions.
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