
Compliant Control of Threaded Fastener Insertion �Edward J. Nicolson and Ronald S. FearingDepartment of EE&CSUniversity of CaliforniaBerkeley, CA 94720AbstractControlled compliance and accommodation ma-trix techniques are considered for robust insertion ofthreaded fasteners. Errors in translational positioningare shown to be easily corrected. Errors in the angle oftilt between the threaded parts are shown to be muchmore di�cult to correct and constrain the region ofconvergence for simple linear techniques.1 IntroductionAccording to a study by Nevins and Whitney[Nevins 80] the insertion and tightening of threadedfasteners is one of the twelve most common assem-bly tasks, yet little published work has considered thetype of control best suited for the assembly of threadedparts. This is surprising since threaded fasteners areunlikely to be eliminated from assembly operationsdue to their ability to be reassembled many times andto develop a variable preload, or force of assembly.In robotics literature screw threading is often re-ferred to as a typical task, yet, unlike the smooth peg-in-hole problem, a robust control solution for insertingthreaded fasteners has not been presented. Recently[Tsujimura 91] presented a system identi�cation tech-nique to improve position control of screw threading.Their e�orts were hampered by an imprecise robot andlack of a model for the threaded parts. [Tao 90] used aRemote Center of Compliance (RCC) technique, moti-vated by [Nevins 80, Whitney 82], but again without amodel for the threaded parts. Regions of convergencewere not presented.[Blaer 62] provides guidelines for the rotationalspeed of a nut being �tted on to a bolt with a givenaxial sti�ness when there are no orientation errors.When errors are allowed only for the position along theaxis of the bolt, the control problem for this restrictedcase is one dimensional. The main result showed that�This work was funded in part by: NSF Grant IRI-9114446,NSF-PYI grant IRI-9157051, and a National Needs Fellowship.

if the bolt rotates too fast for a given axial spring con-stant and position for the spring equilibrium point,then the nut will not begin to thread.[Smith 80] provides a good overview of automaticscrewdriver technology, unfortunately it is now tenyears old. The most interesting method described re-quires monitoring of the torque and angle about theaxis of rotation as the bolt is inserted. The plot oftorque versus angle, called the \fastening signature,"is compared against signatures for proper and failedassemblies to determine if the insertion proceeded cor-rectly. In this manner Smith claims the ability to dis-criminate proper fastening from thread stripping andthread crossing as well as detecting faulty fasteners.According to [Weber] torque and angle monitoring isnow the standard for high performance screw inser-tion. The data from these sensors is commonly usedfor statistical analysis of failure rates by process con-trol engineers.Current automatic insertion methods do not guar-antee successful insertion. Hence bolts are oftenstarted by hand and then tightened with a machine.Manual threading uses heuristics to ensure proper as-sembly such as rotating the fastener the wrong way forhalf a turn and then rotating in the correct direction.There are two obstacles to the full automation ofscrew threading: 1) feeding and holding the parts and2) controlling the parts to ensure proper mating anddetect part failures in the presence of positional uncer-tainty. Given current screw head geometries, the �rstproblem is considerable. [Mikels 91] has addressed itby developing a helical head driver with a centering re-cess. The TorxTM head is alone among current screw-driver heads in providing control of the bolt duringinsertion. For our experiments we drilled a hole in thecenter of the bolt and attached it to the motor directlyto concentrate on the second problem, controlling thetrajectory of the nut and bolt.We proceed by reviewing the fundamentals of ourscrew model presented in [Nicolson and Fearing 91] insection 2. In section 3 we discuss the maximum tilt
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Figure 1: Thread pro�le.angle before jamming. In section 4 we present an ac-commodation controller and in section 5 we deriveconditions for jamming given the manipulator sti�-ness. Section 6 presents data from multiple insertionsthat con�rms our jamming criteria.2 GeometryThe discussion of threaded fasteners is facilitatedwith the introduction of some terms from [Blake 86]and [Bickford 81]. Figure 1 illustrates the most im-portant ones.A screw thread is a ridge of constant section, calledthe thread pro�le, wrapped in a helical fashion about acylinder. The pitch is the spatial period of the threadpro�le. The external screw thread is the thread on abolt and the internal screw thread is that on a nut.The root of the pro�le is at the smallest diameter andthe crest is at the largest. The diameter used for speci-�cation of threaded parts is the largest diameter of theinternal thread or the internal thread major diameter.The 
ank is the straight part of the thread joiningthe roots and the crests. If the thread were extendedto a full V the fundamental triangle height would bereached. Instead it is rounded o� or 
attened at theroots and crests.A clearance �t provides free-running assembly bythe means of a non-zero allowance. Allowance is theamount by which the external thread diameter is re-duced as compared to the internal thread. This pa-per discusses the allowance ratio which expresses al-lowance as a fraction of the internal thread major di-ameter.Threads do not start immediately on a nut or bolt,but undergo a thread run-up, also called an incom-plete thread. The form and length of the run-upplays an important role in the avoidance of cross-threading. Cross-threading, which leads to an incom-plete and wedged assembly, occurs when the �rst ex-ternal thread crosses the internal thread in such a way

Figure 2: A cross-threaded bolt and nut con�guration.that the thread contacted on one side of the internalthread is not on the same revolution as the threadcontacted on the opposite side. Figure 2 shows a boltin a crossed thread con�guration.2.1 Functional DescriptionBased on the de�nitions given above, a roundedcrest and root thread pro�le can be made with thefollowing four variables.p: pitch.d: internal thread basic major diameter.a: allowance ratio, 0 � a � 1, where the actual al-lowance is a � d.�: root and crest radius ratio. The root and crestradius are given by the function r(p) = �p. Typ-ically � = 0:1.The ratio dp determines if the bolt has �ne or coarsethreads. Typically (dp )fine = 2(dp )coarse.The thread pro�le can be parameterized by the fol-lowing function of position, t and thread pitch p. Fig-ure 1 shows the function with � = 0:1. In fp, t isunderstood to be t mod p and r = r(p) where p is theargument to fp.fp(t; p) =8>>><>>>: r �pr2 � t2 0 � t � p32 rp3t � r p32 r � t � p2 � p32 rp32 p � 3r +pr2 � (t � p2 )2 p2 � p32 r � t � p2 + p32 rp3(p � t) � r p2 + p32 r � t � p � p32 rr �pr2 � (t� p)2 p � p32 r � t � pIf you extend the thread pro�le for an integral num-ber of threads and align the t-axis with the z-axis ina right hand coordinate system, a screw thread canbe created by rotating the pro�le about the z-axis ata radius d2 and vertically shifting at the same time.The vertical shift is p( �2� ) where � is the amount ofrotation.
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Figure 4: Jamming tilt angleof the external and internal thread. rc is the vectorbetween the contact points. In the worst case of a = 0the cross thread angle, �c, is given as:�c = arctan(p2 ; jrcj)> p2(1� a)d (2)where rc is the vector between the contact points asshown in the �gure. The inequality comes from thefact that � < p3=8. Note that this angle is 1=2 thatgiven by [Nevins and Whitney 89] as we consider thecross threading angle to be the minimum tilt angle forthe onset of cross threading.For situations when the bolt has been inserted sothat fully formed threads are mating, the maximumpossible tilt will be given by the angle �j. �j may bedetermined by determining the translation and rota-tion of the bolt necessary for the points on the boltshown in Figure 4 to lie on the lines given by the 
anksof the nut. Using small angle approximations we de-rive: �j(�) = a2p3�12 (1� a)� pd ��� ��122p3 �� (3)where � is the depth of insertion in number of threads.As would be expected, �j increases quickly with theallowance ratio a.Given standard bolt dimensions �c is typically 3or 4 times larger than �j(1). This indicates, as[Nevins and Whitney 89] point out, that for all butthe smallest fasteners �c is large enough to avoid crossthreading. However, if the manipulator controlling theinsertion is sti� in the tilt direction (as it would have
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AFigure 6: Controller structure.have to be to ensure angular errors less than a fewtenths of a degree), then it may jam if the initial tiltis greater than �j(1). This is explained further in thefollowing sections.4 ControlIf we assume the nut to be �xed in space, then thecon�guration of the bolt with respect to the nut canbe described by a 6 dimensional con�guration vectorc: c = � x � �Twhere x 2 <3 and � 2 SO(3), the rotation space. Theglobal origin is located at the center of the top of thenut. The origin of the body, or bolt, frame is at thecenter of the base of the bolt. The components of �and x, illustrated in Figure 5, will be referred to as:� = � �  �z � ; x = � xx xy xz � :Using a linear model for the combined structuraland servo sti�ness of the manipulator we have a force

and torque which are a function of the displacementfrom the equilibrium or set-point con�guration ce. Wedenote the force due to the compliance of the manip-ulator in the inertial frame by fa. The inertial torqueapplied by the controller about the origin of the nutis denoted by �a. If we assume quasistatics, the totalforce and torque on the bolt due to contact with thenut is given by:� fa(c; ce)�a(c; ce) � = K(ce � c) (4)where K is the sti�ness of the manipulator.In the presence of low sensor noise and low uncer-tainty in the relative position between the sensor ori-gin and the origin of the bolt held by the manipulator,�a and fa can be estimated with:� f̂â�a � = � fs� s � rs � fs �where fs and � s are the sensed force and torque atthe sensor origin and rs is the vector from the sensororigin to the bolt origin.Assuming that the manipulator allows velocity con-trol and is �tted with a force sensing device, we canuse an accommodationmatrix [Schimmels 90] to servothe velocity based on the force feedback according to:_ce = _ceo �A � f̂â�a � (5)Figure 6 illustrates the controller structure.The choice of non-zero elements in A is based onour assumptions about initial positioning uncertainty.Since we typically will want the fastest response pos-sible, the magnitudes will be chosen to be the largestthat ensure stability of the controller based on theservo rate.5 Accommodation and jammingWe start by noting that errors in x may be easilycorrected as nuts typically have large chamfers. Thus,as the analyses of [Nevins 80] and [Schimmels 90]show, either low sti�ness or high accommodation willcorrect for these types of errors. Our main concern be-comes the control of the tilt angle and the avoidanceof cross-threading and jamming.To guarantee proper assembly of the threaded fas-teners with a simple linear controller, the initial valuefor � = �o must be less than �c during the initial in-sertion phase. This can be seen from �gures 3 and 4,



as an error of �j(1) < �o < �c will result in a correct-ing torque ��, but an error of �o > �c will result in a�� that will increase �.If we know �o < �c than we can use a controllerwith a high tilt sti�ness to ensure that it does nottilt beyond �c during the assembly. In doing this,however, we must avoid jamming that may occur if�o > �j(1).To derive the jamming condition we �rst assumethat due to either low sti�ness or high accommodationfa is small. Jamming for �o < �c will be due to a twopoint contact as illustrated in Figure 4. The conditionfor jamming is: ft < �fnwhere ft and fn are the magnitudes of the tangentialand normal forces. At each contact, then, fci is:fci = fnin̂gi + fti v̂ciThe surface normal at the contact points can befound from equation (1) and the direction of slidingwill be: vc = _x+ _R(�)xbwhere xb is the location of the contact point in thebolt frame. If we neglect the helix angle and assumethe contacts to be on the nut 
ank at � = 0 and � = �with the depth of insertion � = 1, we can simplify thisconsiderably using:n̂g ' 24 �120p32 35 ; rc ' 24 (1� a)d� r0p2 +p3r 35 ; v̂c ' 24 0�10 35where n̂g is the normal at one contact and the negativeof the normal at the other, rc is the vector betweenthe contact points, and v̂c is the direction of sliding.Under the assumption fa = 0 the contact forces andmoment arms are equal and opposite and:rc � fc = � z + �� + � We can now derive the condition for jamming as:�z < 2((1� a)d� r)�p2 +p3r +p3((1� a)d� r)��< 2p3��� (6)Recalling our sti�ness formulation for the manipu-lator let:

�� = K�(�o � �j(�))If we assume the controller can assert a maximum�z of �m then we can see why a simple linear sti�nesswill not help for situations in which �j(1) < �o < �c.For jamming to be avoided we must have:K� < ( 2��mp3(�o��j(�)) �o > �j(�)1 �o < �j(�) (7)for � as large as the depth of insertion, often as large as10. For most practical situations this will yield eithera controller too compliant to avoid cross threading ora controller with a large maximum torque.An alternative would be to maintain a large K�until � = 1 and then decrease it as the danger ofcross threading will be passed. Identi�cation of thissituation is of key importance for future research.6 ExperimentsGiven the previous results, we constructed the ap-paratus shown schematically in Figure 5 to corrobo-rate them. A two degree of freedom Sawyer motor incombination with 2 dc servo motors, a rotary steppermotor and a six axis load cell controlled the position,velocity, and sti�ness of the bolt. The force sensorwas accurate to 0.1 N and 0.3 Ncm. The RobotWorldmodule can be positioned with an accuracy of 0.0005cm. The dc motors controlled servo compliance in thexz and �z directions. A 1KHz loop tracked the setvelocities from a 25Hz loop that read from the forcetorque sensor. The manipulator can be described bythe following sti�nesses:K = diag � Kx K� �Kx = � 170 170 70 � NcmK� = � 50 50 2:6 � N cmdegreeDuring insertion the nominal trajectory was:_ceo = � 0 0 �0:0238cms 0 0 �57:3o 1s �TTo correct for errors in x the following accommo-dation matrix was used:A = diag � 0:03 0:03 0:0 0:0 0:0 0:0 � cms � N



p d a �j(1) �c0.14 cm 1.46 cm 0.024 0:8o 2:8oTable 1: Bolt parameters.
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)Figure 7: XY Trajectory during assembly, whole andmagni�ed partsThe magnitude of the accommodation was the largestpossible that would not be unstable at the 25Hz up-date rate. Table 1 shows the bolt parameters and pre-dicted tilt angles for the bolt used in the experiments.In reviewing the experiments we �rst review datafrom single trials and then we will review data fromall the trials. Figure 7 shows that the simple accom-modation controller could easily correct for errors inx. The top plot shows the path from the initial o�setin xx of 0.3 cm and the enlarged plot shows an inter-esting spiralling motion that occurs once the bolt isinserted by more than one thread. In this case the tiltangle was kept small to ensure proper insertion with:ce(0) = � 0:3cm 0:0 0:0 0:2� 0:0 0:0 �TFigure 8 shows how the fastening signature, or plotof �z versus �z varies with �. For � near �c, �z in-creases sharply with �z , whereas for a smaller tilt theincrease is more gradual.Figure 9 con�rms the e�ective friction angle pre-sented in equation (6). If we take � = 0:18, which istypical for a steel/steel contact [Oberg 46], then equa-tion (6) predicts �z=�� of 0.21, which compares favor-ably with the data.The most interesting results come from checkingthe validity of the tilt angle equation (3) and the sti�-ness condition equation (7). To do this we ran 110insertions varying the initial con�gurations with:
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