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A Rigid Mechanism with Uniform, Variable Curvature Kaitlin Oliver Butler | Andrew Orekhov | Jake Childs | Caleb Rucker Background For minimally invasive surgery, accessing remote locations deep in the intestines, lungs, nasal cavities, and vascular system requires elongated tools that follow a nonlinear path-- a challenge for most rigid surgical tools. The presented tendon-driven, crossed four-bar mechanism, provides both the dexterity and range of freedom needed for various hard-tissue procedures. The mechanism can be stacked in parallel with multiple copies of itself to produce a circular arc about its vertical centerline. What makes this mechanism unique is that it can withstand high force loads without deformation and can produce uniform, variable curvature motion while utilizing only one degree of freedom.



Design Methods



Figure 1: According to the Side-Side-Side postulate, a crossed four-bar mechanism forms two congruent triangles.



Figure 2: Modules linked by a single linking bar form a secondary mechanism through shared bar sections with the primary mechanism, driving the synchronous motion.



A crossed four-bar mechanism as shown in Figure 2 can be concatenated with one or more crossed mechanisms, sharing a common link (the top bar of one mechanism is the bottom bar of the subsequent one). Figure 2 shows that using an additional bar to link the corresponding crossed bars of two independent mechanism modules creates a secondary mechanism from the module-linking bar and sections of the primary mechanism. An appropriate geometry as shown in Figure 2 forces the primary modules to exhibit the same angular deflection and reduces the mechanism to a single degree of freedom, α or θ, as shown in Figure 1. This creates a rigid manipulator arm with actuatable curvature. Connecting two parallel mechanism chains to form a square tube from them creates an arm or wrist with a large lumen that can be used as a passage for flexible surgical instruments to the end effector. Actuation tendons can be routed through the intermediate links that connect the two mechanism chains.



Figure 3: The mechanism can hold a 0.98 N load in the plane orthogonal to the plane of curvature.



Figure 4: 3D-printed prototype is 10 mm across, 30 mm long and 19 mm deep, a size appropriate for MIS.



Results



Figure 5: The device prototype can resist a force of 0.2 Newtons without significant deflection in various actuated positions.



A small-scale prototype was created with machine screws and 3D printed parts. Two Kevlar thread tendons were routed through holes in the horizontal connection links (as shown in Figure 3) and used to actuate the prototype from the end of a tube, demonstrating the use of this design as a wrist. The prototype has a 4x5 mm rectangular lumen for easy passage of flexible instruments. As shown in Figure 5, the prototype was able to sustain an applied external load of 0.2 N in the plane of curvature in various actuated positions. In transverse loading (perpendicular to the plane of curvature), the prototype could hold a load of 0.98 N in the same positions (see Figure 3).



Conclusions/Future Work This mechanism can be created at scales appropriate for minimally invasive surgery. Current work is being done on strength analysis, kinematics and control on an aluminum prototype. Figure 6: CAD models of a future metal prototype.
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