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ABSTRACT 

The control of object manipulation tasks involves the close interplay of predictive 

and reactive control mechanisms. For example, when lifting an object, people typically 

predict the weight based on object size and material as well as sensorimotor memory 

obtained from previous lifts of the object. When lifting objects with a precision grip, 

people increase vertical load force to a target level that slightly exceeds the predicted 

weight. When the object is heavier than expected, the mismatch between expected and 

actual tactile signals associated with lift-off triggers a corrective action within ~100 ms, 

that involves probing increases in load force that continue until the object is lifted. Here 

we investigated whether this correction action can be adaptively influenced by 

experience. Participants repeatedly lifted an object that was instrumented with force 

sensors to measure the forces applied by the fingertips, with weight that could be varied 

without the knowledge of the participant. In 80% of trials, the weight was set to 2 N and, 

in different blocks of 110 trials, the remaining 20 % of trials (2 trials randomly 

selected from each successive 10 trials) was set to either 4 or 6 N. We found that the rate 

of change of the reflexively triggered increase in load force that occurred in the 4 or 6 N 

trials, scaled with the additional weight. That is, following the initial increase in load 

force to ~2 N, the subsequent increase in load force was more rapid for the 6 N object 

than the 4 N object. In contrast, the onset time of the reactive increase in load force was 

independent of the additional weight. Finally, this adaptation of reactive load force 

control took place quickly and was evident after only a few lifts of the heavier weight. 

These results indicate that the reactive increases in load force that occur when a lifted 
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object is heavier than expected can be adapted and tuned, to refine behavior. This further 

suggests that multiple predictions can be generated about object weight when lifting. 
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Chapter 1 

Introduction 

Humans have the ability to lift differently sized and shaped objects off a surface 

in a dexterous manner when using their hands. We often lift objects using a precision 

grip, with the tips of the thumb and index finger on either side of the object. In this case, 

in order to lift the object we need to generate a vertical load force that exceeds the object 

weight. Once the object comes off the surface, the total vertical load force is the sum of 

the gravitation force (i.e. the weight of the object) and the inertial force (i.e. the product 

of object’s mass and its acceleration due to movement).  To stabilize the lifted object 

between our fingertips and prevent it from slipping due to the load force, we must also 

apply horizontal grip forces. If the grasp contact surfaces are vertically oriented, the grip 

and load forces are normal and parallel to the contact surfaces, respectively. 

Much of the research examining the sensorimotor control of object manipulation 

has focused on the precision grip lifting task.  In this task, subjects are asked to reach 

towards an object, grasp contact surfaces on opposite sides of object using their index 

finger and thumb, lift and hold the object in the air, and then replace and release the 

object. Performing this task requires sophisticated coordination of load and grip forces 

exerted on the object. That is, on a given trial grip forces need to be sufficiently large to 

prevent slip but not so large as to cause fatigue or damage the object, while load forces 

need to be large enough to overcome object weight and facilitate lift off without being so 
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large so as to cause an excessive overshoot in vertical position. Using the precision grip 

lifting task, precisely how subjects generate efficient lifting behavior can be examined.  

For example, it has been shown that the grip force to load force ratio (GF:LF) is 

appropriately adjusted to the friction between the digits and the contact surface 

(Johansson and Westling, 1984a). That is, the more slippery the surface texture, the 

greater the grip force needs to be to prevent slip. If the applied GF:LF ratio is lower than 

the minimal GF:LF ratio (i.e. slip ratio), determined by the magnitude of load force and 

the coefficient of friction, slip would occur (Johansson and Westling, 1984a,b). The 

GF:LF ratios are also adjusted to the frictional conditions between the object and the 

fingers during the various lifting phases (Johansson and Westling, 1984b). During the 

first preload phase an initial increase in grip force is observed as initial between the 

fingertips and object contact is established. During the subsequent loading phase, grip 

and load force increase in synchrony until lift-off occurs. Both grip and load forces reach 

peak values when the object is moved from the lifting surface to the intended vertical 

position. Following their peak, during the hold phase, both forces reach fairly stable 

values. When the object is replaced, grip and load forces decreases in synchrony, once 

the object is returned back to the lifting surface, and decrease to zero. When lifting an 

object of known weight and surface texture, grip and load forces are scaled predictively. 

That is, during the initial loading phase (prior to lift off), load force is increased up to a 

level that typically just exceeds the weight of the object. This involves an increase 

followed by a decrease in the rate of change of load force (load force rate) such that the 

load force rate nears zero at the expected time of lift off. This typically results in a bell-
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shaped load force rate function over time. The grip force rate function is similar because 

grip force and load force tend to increase and decrease in synchrony. However, the ratio 

of grip force rate to load force rate will depend on the frictional conditions between the 

fingertip tips and object (Johansson and Westling, 1984b, 1988a).  

Due to the inherent delay in receiving sensory feedback and transforming this 

information into motor commands, lifting actions often rely on accurate predictions of 

both properties of the object we are interacting with as well as the anticipated sensory 

outcomes of our actions. For example, when humans lift objects they generally use 

predictions about object weight to scale their fingertip forces and also predict the timing 

of incoming sensory events that are associated with object lift-off. To facilitate these 

predictions, it has been suggested that we utilize an internal forward model (Wolpert and 

Flanagan, 2001) to predict the consequences of motor commands on our body and the 

environment. An essential role of sensory predictions is to monitor performance by 

comparing the predicted sensory outcomes to the actual outcomes (Johansson and 

Westling 1988; Johansson and Flanagan, 2009). When a mismatch occurs between 

predicted and actual sensory outcomes, corrective actions can be triggered by the motor 

system.  In the example of lifting an object off of a table top, if lift-off does not occur at 

the predicted time, the motor system responds by initiating a series of corrective increases 

in load force (and grip force) until lift-off is signaled via sensory feedback.  This 

mismatch may also result in an updating of memory about object weight allowing 

knowledge obtained from previous interactions to be used in prediction on future lifts.  
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Predictions about object weight are often based on learned correlations between 

objects’ properties and their weight (Forssberg et al. 1991). Thus, when lifting novel 

objects in experimental settings, people often use information about the object’s surface 

material (Buckingham et al., 2009; Gordon et al., 1993) and size to predict its weight 

(Johansson and Westling, 1988; Flanagan and Beltzner, 2000; Mon-Williams and 

Murray, 2000). For example, Gordon and colleagues (1993) asked subjects to lift a broad 

range of familiar types of objects used in everyday life with different size, shape and 

densities, and examined the scaling of fingertip forces during the loading phase. They 

observed that the force output was scaled accurately for the various objects right from the 

first lift. Their findings illustrate that humans have long-term memory representations of 

familiar objects that can be used to estimate weight. 

In addition to well-learned associations linking object properties to weight, people 

can also make use of memory of object weight that is gained after a particular object is 

lifted. This knowledge is especially important in situation in which our initial predictions 

are incorrect. This memory is referred to as sensorimotor memory and can be used for 

scaling fingertip forces on later lifts of particular objects previously encountered (Gordon 

et al., 1991; Johansson and Westling, 1988; Flanagan et al., 2008). Thus the history of 

previous lifts of a particular object, or set of objects, influences our fingertip force scaling 

in predictive manner.  

A number of studies have examined updating of sensorimotor memory based on 

mismatches between actual and predicted sensory feedback under conditions in which 

object properties change occasionally (e.g., every 5-10 lifts) in a series of lifts (see 
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Johansson and Flanagan, 2009 for a complete review). For example, when examining 

changes in surface texture, information about object texture is available shortly after 

initial contact resulting in early grip force adjustments (60-90ms of initial contact with 

the object) (Johansson and Westling, 1987). As a result, by the end of loading phase 

when object is lifted off the surface, the grip force is already at the appropriate level. 

Force coordination for unexpected changes of object weight has also been examined 

(Johansson and Westling, 1988a). More specifically, subjects were asked to lift an object 

in a series of lifts. Every 5-10 trials, the weight was unexpectedly increased or decreased. 

It was observed that subjects programmed fingertip forces on the basis of the previous 

lifts; when the weight on the switch trial was lighter than the previous lifts, large grip and 

load force increases were observed (suitable for the heavier object previously lifted) 

resulting in pronounced positional overshoot of the lighter object. In contrast, when the 

object weight was heavier than expected based on previous lifts, subjects erroneously 

programmed their forces to the lighter object weight. This resulted in a failure of the 

object to lift off at the end of the pre-programmed load phase. As noted above, when an 

object is heavier than predicted a corrective action is generated involves probing 

increases in load force that are initiated approximately 90 ms after the registered 

mismatch between predicted and actual sensory events associated with lift-off. By the 

second lift of a weight change, participants updated their predictive fingertip forces to the 

new weight (e.g., Johansson and Westling, 1988).   

Based on the above, there is ample evidence of the updating of a single memory 

representation for a given object weight during lifting. However, we live in a more 
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complex world where objects that are visually similar can have more than one weight 

state.  As a result, many of the objects we lift can have several probable, or possible, 

weights. For example, suppose you collect coins in an empty coffee canister which you 

keep on your kitchen counter. One morning, you go to the kitchen to make yourself a 

fresh cup of coffee and pick up the canister with coins in it rather than the one with coffee 

in it that you intended to pick up. Because the canister is much heavier than initially 

predicted, it will fail to lift off at the expected time. The question that arises from this 

kind of situation is will the corrective action be influence by the second possible state of 

the canister (i.e. filled with coins)? If the corrective action takes into account the 

likelihood that the canister will be much heavier than predicted, then large probing 

increases in force might be observed. If not, then smaller probing in force increases might 

be observed. That is, in a situation where experience tells us that an object may 

occasionally be a heavier weight (independent of its visual appearance) will corrective 

actions be influenced by this weight and hence tuned by previous experience?  

We addressed these questions by examining the corrective action generated when 

subjects lift an object that is occasionally heavier than expected. We tested the novel 

hypothesis that corrective actions can be shaped by previous experience, independent of 

the sensory stimulus driving the action. Specifically, we examined the loading phases for 

lifts of one object with two possible weight states (light and heavy) while presenting the 

light object weight most of the time. Subjects lifted the same object in two blocks where 

the light weight was set to 2N and the heavy weight was either 4N or 6N in a given block. 

Because the weight of the object was most often 2N, we expected subjects to scale their 
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initial increases in load force to the 2N weight regardless of the heavier weight seen in 

occasional lifts. The key question we asked was whether the corrective actions observed 

when the weight was heavier than expected (either 4 or 6 N) scaled with the magnitude of 

the extra weight. Specifically, we asked whether subjects would learn – after one or more 

heavier weight lifts within a block – to adapt their corrective action to the magnitude of 

the heavier weight. If subjects are able to form a second object weight representation of 

the less frequent weight, we might expect to see differences, between blocks, in the 

probing increases in force that are generated during the corrective action. 
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Chapter 2 

Literature Review 

Most manual tasks involve object manipulation. Whether carrying out manufacturing 

tasks while working on a factory assembly line or just preparing a meal at home, it is 

essential to use the fingers to lift, hold and replace numerous items daily. Performing 

manipulation tasks involves tailoring our motor commands to the goal of the task and the 

physical properties of the object. For an example, if the final goal is to apply salt in your 

food, prior to reaching and lifting the salt box you would most likely take into 

consideration the material and size of the salt box and, based on learned correlations 

between these properties and weight, scale your fingertip forces accordingly.  

Studies of the sensorimotor control of object manipulation tasks have focused on 

precision grip lifting tasks in which an object is grasped with the tips of the index finger 

and thumb on either vertical side. Lifting and replacing an object can be partitioned into 

phases demarcated by mechanical events, involving the making and breaking of contact 

between the object and the fingertips or between the grasped object and other objects, 

that give rise to distinct sensory signals (Johansson and Flanagan, 2009; Flanagan, 

Bowman, Johansson., 2006; Johansson and Westling, 1984). The first phase is known as 

the reach phase and involves movement of the hand towards the object. This phase 

involves pre-shape of the hand to object shape and positioning the fingertips adequately 

onto the object’s surface so that a stable grasp is achieved (Jeannerod, 1986). The preload 

phase is initiated when the fingertips initially touch the object. During this phase a stable 
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grip is established by increasing grip force while load forces remain fairly unchanged. 

During the next phase, the load phase, load force is increased to a level slightly greater 

than the expected weight of the objects and the goal is to lift the object from the surface.  

Grip force is increased in parallel with load force to as to prevent the object from 

slipping. The subsequent transitional phase begins when the load forces exceed the 

weight of the object and the object starts to move. During this phase both grip and load 

forces reach their peak value and the object is moved to the desired vertical position, 

initiating the static phase, also known as the hold phase. The object is held stationary in 

the air and load and grip force values are relatively steady, until the replacement phase. 

Here, the load force and grip force are decreased slightly and the object starts to move 

back toward the support table. Once the object makes contact with the support structure, 

the unloading phase starts and is characterized by parallel decline of both grip and load 

force until the two forces reach zero and the subject releases the object (Johansson and 

Westling 1984b; Johansson and Westling, 1987; Johansson and Flanagan, 2009).   

Stable grasp between the digits and the object is achieved by parallel changes in grip 

and load forces applied to the contact surfaces throughout the different lifting phases 

(Johansson and Westling, 1984b; Edin et al., 1992). Force coordination is important 

because too weak grip force will cause for the object to slip, while too strong grip may 

damage the target object or cause muscle fatigue. To prevent slips, the ratio of grip force 

to load force must exceed the minimal ratio determined by the coefficient of friction 

between the object and the skin; i.e., the slip ratio (Johansson and Westling, 1984b).  
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In general, to prevent slips when handling objects, grip force and load force change in 

parallel to maintain an approximately constant grip to load force ratio while providing a 

small safety margin (the difference between the grip force and the minimal grip force 

required to prevent slipping) (Johansson and Westling, 1984a; 1987). The ratio of grip 

force to load force is scaled, predictively, to the expected frictional conditions (i.e., when 

the contact surface material is kept the same across successive lifts). However, in the case 

where friction is changed unexpectedly, participants quickly adjust the ratio of grip force 

to load force (Johansson and Westling, 1984b, 1987). For instance when a participant 

expects a contact surface covered in less slippery sandpaper but unexpectedly encounters 

a contact surface covered in very slippery silk or moderately slippery suede, an increase 

in grip force, relatively to load force, is observed approximately 100 ms after initial 

contact between the fingertips and the object (Johansson and Westling, 1984b). 

Moreover, this increase scales with the slipperiness of the contact surface, being greater 

for silk than suede (Johansson and Westling, 1984b).  

 

Predictive Sensorimotor Control Processes 

We handle objects of different shapes, sizes, weights, and densities on a daily basis. 

When lifting an object for the first time, before sensory information related to the actual 

object weight is available, the grip and load forces are usually appropriately scaled for the 

weight of the handled object (Gordon et al., 1993). A variety of factors influence our 

predictions about object weight. In experimental settings, fingertip force scaling to object 

weight is clearly seen during the load phase prior to lift off. If subjects’ predictions about 
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object weight are correct, their fingertip forces will be adequately programmed. That is, 

during the load phase, a single smooth increase in load force leading to lift-off will be 

observed along with a proportional smooth increase in grip force (Johansson and 

Westling, 1988a). It has been shown that the heavier the object is expected to be, the 

faster the increase of grip and load force during the load phase (Johansson and Westling, 

1988a). On adequately programmed lifts, the first derivative of the grip and load forces 

(force rates) are characterized as bell shaped, single peaked curves that scale with the 

object weight from the force onset until object lift off. The maximum values of the force 

rate peaks are reached when the load force matches approximately half the weight of the 

object. Following their peaks during the loading phase, fingertip force rates start to 

decrease and approach zero by the time object is lifted from the surface. During the 

subsequent holding phase, while the object is held steady in the air, fingertip force rates 

remain relatively stable around zero (0 N/s) (Johansson and Westling, 1988a). Therefore, 

people increase load force to a target level that slightly exceeds the expected weight and 

tend to scale the rate of change of load force such that objects of varying weight are 

lifting in about the same amount of time. 

Researchers have examined the role of visual and haptic cues in the programming of 

predictive scaling of fingertip forces when lifting objects with a precision grip. In 

addition to object identity, we can also exploit size-weight and material-weight 

associations to scale our fingertip forces predictively (Gordon et al. 1993; Cole, 2008; 

Flanagan, Bittner and Johansson, 2008; Buckingham et al., 2009). 
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Object Size.  In order to examine the role of visual size cues to predicting object’s weight, 

Gordon et al. (1991a) asked subjects to lift three separate wooden boxes of identical 

weight (0.83kg) but unequal size (small, medium and large). After six lifts of each box, 

subjects were asked to rate objects’ weight from the heaviest to the lightest (Gordon, 

Forssberg, Johansson and Westling, 1991a).  Consistent with size-weight illusion 

predictions (Charpentier 1891), all subjects reported the smallest box to be the heaviest, 

whereas most subjects reported the large box to be the lightest. This illusion is thought to 

arise because people’s weight judgments are biased by expected weight (Ross, 1969). 

However, subjects scaled fingertip force accordingly to the objects’ size, not their 

perceived weight. That is, during the load phase, peak grip and load force rates and grip 

and load force peaks were found to increase with object size. Even when subjects were 

blindfolded during the actual lifting trial and only haptic exploration was allowed prior to 

lifting, peak grip and load force and peak grip and load force rates of change were greater 

for the large box when box sizes were presented randomly (Gordon et al., 1991b). These 

studies suggest that size-related information contributes to the development of fingertip 

forces prior to lifting such that force output increases for larger objects even if the weight 

is kept the same (Gordon et al., 1991a, b). To better examine the strength of the visual 

cues, in a different experiment subjects lifted objects where the weight was proportional 

to the volume most of the time whereas in few trials, only the size was switched keeping 

the object weight the same (Gordon et al., 1991c). In agreement with their previous 

studies, the fingertip forces were appropriately scaled toward the expected weight 

proportional to the volume of the object (Gordon et al., 1991c). These results indicate that 
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visual size information can be used to convey size information that can influence 

predictive scaling of fingertip forces to objects weight during the loading phase of lift 

using a precision grip (Gordon et al., 1991a, 1991b, 1991c). 

In a later study, Flanagan and Beltzner (2000) showed that when participants 

repeatedly lift a large cube and an equally-weighted small cube (that is perceived as 

heavier) in alternation, they learn to scale load force and grip force increases 

appropriately for object weight, regardless of size, after about 10 lifts. However, 

consistent with the results of Gordon and colleagues described above, increases in 

fingertip forces in initial lifts were scaled to object size. 

 

Object Material.  It has also been reported that material properties can affect our 

predictions about object weight (Buckingham, Cant and Goodale, 2009; Ellis and 

Lederman, 1999; Harshfield and DeHardt, 1970; Seashore, 1899). That is, learned 

associations between the appearance of certain materials and their weight are invoked 

when making predictions about object weight based on apparent material visual cues. To 

examine the influence of object material on perceived object weight, the material-weight 

illusion has been used. This involves asking participants to lift and judge the weight of 

objects with same mass but fabricated from different surface materials (Wolfe, 1898).  

For an example, in an experiment by Buckingham and colleagues (2009), participants 

were presented with three objects of the same size and weight that appeared to be made 

of either a very light material (polystyrene), a somewhat heavy material (wood), or a 

heavy material (metal). In initial lifts, more force was applied to the box that appeared to 
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be made of metal than to the one that appeared to be made of polystyrene and wood 

(Buckingham et al., 2009). Thus, participants clearly expected the object that appeared to 

be made from metal to be the heaviest. This expectation also gave rise to the material-

weight illusion: participants judged the object that appeared to be made from metal to be 

lighter than the objects that appeared to be made of wood and polystyrene because it was 

lighter than expected relative to the other objects. It has also been shown that continuous 

vision of the lifted object is not a necessity for subjects to experience the material weight 

illusion (Buckingham et al., 2010). Even when vision of the object material was available 

only prior to lift while subjects’ vision was occluded with shutter goggles during the lift, 

subjects still experienced the illusion and scaled their fingertip forces to their 

expectations of object weight (Buckingham et al., 2010). These findings suggest that 

information about object weight can be extracted from both continuous vision of objects’ 

material or expectations alone that are based on a preview of the object’s material 

(Buckingham et al., 2009, 2010).  

 

Object Shape.  Visual and tactile information about object shape has also been 

examined in relation to predictive force control when using a precision grip (Jenmalm 

and Johansson, 1997). For instance, in an experiment by Jenmalm and Johansson (1997), 

subjects lifted an object instrumented with force sensors, where the angle of the grasped 

surfaces was changed between trials in a pseudorandom order. In one of their series of 

experiments, these authors looked at two shapes and how their alteration between trials 

influenced fingertip force development during the loading phase. One shape had grip 
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surface angles of +30º (upward tapered) and the second had surface angles of -30º 

(downward tapered angle). On the trials where vision of the object was available, 

regardless of whether a -30º angle was preceded by a +30º or -30 º angles, grip forces 

were scaled correctly for the -30° angle right from the start of the load phase. This 

suggests that visual geometric cues about object shape can be used, predictively, to 

specify force coordination for lifting (Jenmalm and Johansson, 1997).  

 

Sensorimotor Memory and Afferent Information.  As discussed above, learned 

correlations can be used to predict an object’s weight based on it physical properties such 

as size, apparent material and shape that can be appreciated visual and, in many case, 

haptically. Our predictions based on visual cues or haptic cues are evident by the 

fingertip forces applied when first lifting a particular target object. Once we have lifted 

the object, we gain knowledge about the actual weight. The term sensorimotor memory 

has been used to refer to such knowledge. When object size or material provides 

misleading information about weight, it can take several lifts before load force is fully 

scaled to actual object weight (Gordon et al., 1991c; Flanagan and Beltzner, 2000; 

Flanagan et al., 2008; Buckingham et al., 2009). However, when lifting objects in a 

situation where strong cues about weight are not available, fingertip forces are updated 

within a single lift (Johansson and Westling, 1988a).  

It has been proposed that when repeatedly lifting an object, the initial applied forces 

on a given trial reflect the sensorimotor memory acquired from the previous lift 

(Johansson and Westling, 1984b, 1988a). For example, studies have shown that the 
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frictional conditions of the preceding lift are reflected in the development of grip and load 

forces immediately after the contact between the fingertips and object on the current lift 

(Johansson and Westling, 1984b; Edin et al., 1992; Forssberg, Eliasson, Kinoshita, 

Westling, Johansson, 1995). Likewise, memory of object weight acquired on a previous 

lift influences predictive scaling of forces during the load phase on the current lift 

(Johansson and Westling, 1988a; Gordon et al., 1991; Gordon et al., 1993).  

In the case when visual information is not available, humans also seem to rely on 

sensorimotor memory of object shape when lifting. As noted above, when vision of an 

object is available, fingertip forces are appropriately coordinated based on viewed object 

shape (Jenmalm and Johansson, 1997). However, a different pattern of force output is 

observed when vision is not available. That is, on the first trial following a switch from 

upward to downward tapered grip surfaces, fingertip forces were scaled to the force 

requirement in the previous trial, not the current trial (Jenmalm and Johansson, 1997). 

Flanagan and colleagues (2001) have shown that sensorimotor memory about object 

weight can be retained even after 24 hours. This suggests that humans can acquire long 

lasting sensorimotor memories of objects that could be used for later prediction 

(Flanagan, King, Wolpert and Johansson, 2001). 

Although visual information about object properties can be useful when forming 

predictions about object weight, sensory information provided by the tactile 

mechanoreceptors in the glabrous skin of the digits is essential for the adaptation of 

fingertip force control. Evidence for this statement comes from studies of individuals 

with impaired digital sensibilities. For example, it has been reported that subjects with 
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impaired tactile sensitivity have difficulties manipulating objects even under visual 

guidance. This is usually reflected as subjects dropping regular objects (grip force is too 

weak for given load force) and crushing fragile objects (grip force is too strong) (Nowak, 

Hermsdorfer, Glasauer, Philipp, Meyer, Mai, 2001; Nowak and Hermsdorfer, 2003).  

The first recordings and mapping of the properties of the mechanoreceptors present in 

the hairless skin were made in the early 1970s by Knibestol and colleagues (e.g., 

Knibestol and Vallbo, 1970) using the microneurographic technique of recording 

impulses from single nerve fibers in awake human subjects. It it now established that 

there are about 17,000 mechanoreceptive units in the glabrous skin of the human hand, 

with about 200 afferents in each fingertip (Valbo, Hagbarth, Torebjörk, Wallin, 1979, 

Jenmalm, Dahlstedt and Johansson, 2000). Based on their nature, they have been 

classified in two major categories: slow adapting and fast adapting mechanoreceptors. 

Two subcategories within these two major categories have been distinguished based on 

whether they have small (type-I) or large (type II) receptive fields. Thus, the four kinds of 

mechanoreceptors are: fast-adapting type I (FA I), fast-adapting type II (FA II), slow-

adapting type I (SA I), and slow-adapting type II (SA II). As the name suggests, the fast 

adapting mechanoreceptors adapt rapidly whereas the slow adapting mechanoreceptors 

adapt slowly to a sustained start indentation of the skin (Vallbo & Johansson, 1983, 

Johansson & Flanagan, 2009).  

It has been suggested that one role of tactile signals from the hand during the lifting 

task is to inform the CNS that a particular mechanical event has occurred during the 

various lifting phases e.g. making or breaking a contact with the object (Johansson and 



18 

 

Westling, 1991). Four points corresponding to phase transitions have been associated 

with distinct patterns of tactile afferent activity:: (i) responses of FA-I and SA-I afferents 

are seen at the start of the preload phase when the object is initially contacted, (ii) FA-II 

afferents discharge occur during both the initiation of the vertical force at the beginning 

of the load phase and when object is lifted from the table at the end of the load phase, (iii) 

discharges in FA-II afferents occur at the end of replacement phase when the object 

contacts the surface, and finally, (iv) FA-I and SA-I afferents discharge at the completion 

of unloading phase when the digits release the object (Westling and Johansson, 1987, 

Johansson and Flanagan, 2009).   

 

Corrective (sensory-driven) control.  Skilled manipulation not only relies on 

predictive mechanisms, it also depends on corrective, sensory feedback driven, control 

mechanisms. Sensorimotor memory of object properties gained from previous 

interactions with an object allows humans to form predictions in subsequent interactions. 

However, when these predictions are incorrect, i.e. there is a mismatch between predicted 

and actual sensory feedback, information provided by tactile afferents and other sensory 

modalities, trigger corrective actions and also update the sensorimotor memory. Sensory-

driven control refers to the use of sensory information to generate corrective actions and 

acquire, maintain and update knowledge – or internal models – related to object 

properties (Johansson and Cole, 1992; 1994).  Predictive and corrective sensorimotor 

processes are closely linked types of motor control that interact together while controlling 

grip and load force during object manipulation (Johansson and Cole, 1993).  
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Object weight. Corrective actions are triggered when subjects lift an object that is 

lighter or heavier than expected. Johansson and Westling (1988a) demonstrated this in a 

series of experiments where subjects lifted a 400g object repeatedly and then lifted either 

a 200g object or a 800g object while expecting a 400g weight. The detected mismatch 

between the expected and the actual object weight triggers a corrective response and 

updates the relevant internal models used to predict sensory event. That is, during the 

loading phase, following the smooth increase of vertical force to the expected weight, the 

absence of a sensory event signaling lift-off at the predicted time triggers a corrective 

action consisting of slow, probing increases in lift force that continue until they are 

terminated by sensory events signaling lift-off (Johansson and Westling, 1988a). Usually 

following a single trial, the prediction about object weight will be updated on subsequent 

trial.  Also when object is lighter than expected, signals in the sensors indicate that object 

has started to move earlier than anticipated, resulting in abrupt termination of the muscle 

commands driving the loading phase (Johansson and Westling 1988a). 

 

Object shape (Angle and Curvature). Jenmalm and Johansson (1997) have 

shown that adaptation to the angle of the grasped surfaces also involves subtle interplay 

between the predictive and reactive motor control mechanisms. As discussed in earlier 

section, when subjects lift objects with three (3) different angles of grasping surfaces and 

vision about an upcoming object is available, the predictive adjustment in grip force is 

adjusted from the very start to match object shape. However, when vision of the object is 
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not available, grip force usually develops according to the force requirements in the 

previous trial. About 100 msec following the initial contact between the digits and the 

object, the tactile sensory information mediates the grip force adjustments appropriately 

for the actual angle of grasped surface.  

Local curvature of the grasp surface is another object characteristic that has been 

examined. In a study by Jenmalm et al. (1998), subjects were presented with objects with 

six different curvatures and various weights. This study showed that both the duration of 

the load phase and the peak load force rate during the load phase were not influenced by 

surface curvature. However, the minimum grip force required to prevent slips was 

smaller for more curved surfaces in comparison with flatter surfaces. Although people 

still use cues by tactile afferents to adapt force following a contact between the object and 

the fingers, the authors concluded that surface curvature does influence the minimum grip 

force requirements during precision grip lifting. 

 

Friction. When the digits contact the object, fingertip grip force is updated based 

on the prevailing frictional properties. Studies have shown that when repeatedly lifting 

objects of the same texture, a relatively small safety margin is used to prevent slips and 

the ratio between the grip force and the load force increases with the slipperiness of the 

object (Johansson and Westling, 1984).  When unexpected changes in the surface 

material are introduced between consecutive trials, adjustments to the new friction occur 

within about 100 ms after gripping the object (Johansson and Westling, 1987). If the 

surface is more slippery than expected, the adjustment involves an increase in the GF: LF 
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ratio whereas a decrease in the ratio is observed when the surface is less slippery than 

expected. The adjustment to a change in frictional conditions is based on the detection of 

a mismatch between the actual and expected sensory signals obtained at contact. Further 

adjustments can occur later in the lift if the initial adjustments to the frictional conditions 

were inadequate and an accidental slip occurs. This will further update the GF:LF ratio 

that can be used in subsequent manipulations. 

 

Phase dependency.  Previous studies have shown that corrective actions in object 

manipulation can be phase dependent. In a study by Johansson and Westling (1984a,b) 

subjects were asked to lift an object equipped with force sensors by using a precision grip 

(with the tips of the index finger and thumb on either side). This study examined 

corrective actions generated by small slips between the skin and contact surface that 

occurred when the surface material was changed unexpectedly (e.g., from sandpaper to 

silk). This small slips typically occurred during the load phase but occasionally occurred 

during the subsequent hold phase. The authors reported that following a slip event, 

subjects increased the GF:LF ratio (Johansson and Westling, 1984). However, depending 

on whether the slip occurred during the load phase or the hold phase, the upgrading of the 

grip to load force ratio was different. More specifically, when slips occurred during the 

load phase, the force ratio was increased by decreasing the rate of change of load force, 

whereas when the slip occurred during the hold phase, the GF:LF ratio was increased by 

increasing the rate of change of grip force. Similar findings illustrate that corrective 

actions can be phase-dependent where the same sensory events (mechanoreceptor 
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activation caused by small slips) can be used to produce different actions depending on 

the lifting phase (Fagergren et al., 2003). Phase dependent modulations of cutaneous 

reflexes have also been reported in locomotion (Yang and Stein, 1990, Belanger and 

Patla, 1987). 

Previous research has also shown that corrective actions can scale with the 

magnitude of the sensory signals driving the response. In an experiment by Johansson 

and Westling (1987) subjects lifted equally weighted objects with different frictions at the 

contact surfaces: silk (very slippery), suede (moderately slippery) and sandpaper (least 

slippery). The participants expected sandpaper in all 3 lifts. In the case when subjects 

were presented with silk or suede a corrective action was triggered which involved an 

increase in the rate of change of grip force. Moreover, this corrective increase scaled with 

the slipperiness of the surface (i.e., silk or suede) (Johansson and Westling, 1987). This 

evidence suggests that the scaling of the corrective action can be influenced by the 

intensity of the tactile afferent inputs such that the adaptation is appropriate for the 

surface friction (Johansson and Westling, 1987; Cadoret and Smith, 1995).  

 

Tactile modality. As discussed earlier, studies of force coordination in object 

manipulation using a precision grip have reported that when lifting objects, people strive 

to maintain a grip force that is high sufficient to prevent accidental slips and yet not so 

large as to crush the object or cause unnecessary muscle fatigue (Johansson and Westling, 

1984a, Westling and Johansson, 1984). These studies have suggested that grip force and 

its rate of change over time is determined by the predicted weight and friction of the 
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object. Another crucial observation by these authors was that cutaneous anesthesia of the 

thumb and index finger disrupted the coordination between the grip and load force that 

was normally adapted to the friction between the object and the skin, causing slips 

(Johansson and Westling, 1984a, Westling and Johansson 1984). Also, when sensory 

signals were absent during local anesthesia, phase transitions were delayed (Johansson 

and Westling, 1984b, Johansson and Westling, 1991). It is now accepted that the tactile 

modality plays an important role in acquiring information about mechanical interaction 

between the hand and the object. These findings have been supported by more recent 

reports where subjects lifted objects with different textures under digital anesthesia 

(Monzee, Lamarre and Smith, 2002). The authors reported that all subjects used 

significantly greater grip force and the grip to load force ratio was disrupted (Monzee et 

al., 2002). In addition, this study indicated that vision of the grasping hand did not 

significantly improve performance after digital anesthesia, suggesting that vision is 

insufficient to completely compensate for the loss of cutaneous sensation (Monzee et al., 

2002). 

It is presumed that humans rely on somatosensory input especially when changes 

in object weight are unpredictable (Johansson, Hager and Backstrom, 1992c). To 

examine this, Johansson et al. (1992) asked subjects to use their precision grip to hold 

and prevent a manipulandum from moving while different unpredictable loading forces 

were applied. When digital anesthesia was applied to both fingers, corrective actions to 

load perturbations were diminished or even absent. Similar studies have supported these 

results indicating that corrective action are driven primarily by digital cutaneous inputs 
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and that digital cutaneous mechanoreceptors are necessary for the grip force responses to 

unpredictable pulling loads (Hager-Ross and Johansson, 1996; Johansson et al., 1992).  
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Chapter 3 

Adaptive scaling of corrective actions in object manipulation 

 

When interacting with objects people predict their properties including weight. 

This can be appreciated when considering a simple precision grip lifting task in which 

people tailor the increase in load force to expected or predicted object weight. However, 

corrective actions are important in manipulation and they are used when predictions are 

incorrect.  

              Dexterous object manipulation requires the ability to tailor motor commands, 

predictively, to the goals of the task and the physical properties of manipulated objects. 

For example, when lifting an object, people smoothly increase vertical load force to the 

predicted weight such that the rate of change approaches zero at the expected lift-off time 

(Johansson & Westling, 1988a,b). Although weight prediction is often accurate, 

inevitably there are instances where predictions are erroneous. Errors in prediction are 

signaled by mismatches between actual and predicted sensory events and give rise to 

task-protective corrective responses (Johansson & Flanagan, 2009). For example, when 

an object is heavier than expected, the tactile events elicited by lift-off do not occur at the 

predicted time, and this mismatch triggers a corrective action that involves probing 

increases in load force until terminated, reactively, by tactile events signaling lift-off 

(Johansson & Westling, 1988a,b). 

          Corrective actions in object manipulation have been shown to be action phase-

dependent. For example, different corrective actions – generated to increase the ratio of 
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grip force to load force – are elicited by object slip (revealed as vibrations in the object), 

depending on whether the slip occurs during the load phase of a lift, during which load 

force is increased prior to lift off, or the subsequent hold phase, when the object is held 

aloft (Johansson & Westling, 1987). Previous research has also shown that corrective 

actions can scale with the magnitude of the sensory signals driving the response. Thus, 

when lifting an object that is more slippery than expected, the corrective action – an 

increase in the rate of change of grip force – scales with the slipperiness of the object. 

However, it is not known whether corrective actions can be shaped purely by previous 

experience, independent of the actual and predicted sensory signals triggering the action. 

          Here we tested the hypothesis that corrective actions can be adaptively tuned based 

on prior lifting experience, focusing on the corrective action generated when an object is 

heavier than expected. When the object fails to lift off at the predicted time, the absence 

of expected sensory events indicates that the weight is greater than expected, but does not 

provide information about the actual weight. However, if the actor had previously 

experienced instances in which the object (or similar objects) was a heavier weight, it 

might be advantageous to adapt the corrective action to this heavier weight. This scenario 

could occur with objects that can be either hollow or filled and objects that have the same 

outer appearance but cores of different materials. 

          We asked participants to repeatedly lift an object with the same appearance. The 

weight of the object was unexpectedly increased to a heavier weight in occasional catch 

lifts (2 out of 10 lifts).  The heavy weight was the same within a block of lifts. As 

expected, these catch lifts triggered a corrective action consisting of probing increases in 
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load force that continued until lift-off. In support of our hypothesis, we found that the 

amplitude of these probing increases in force scaled directly with the occasional heavier 

weight. This result demonstrates that this corrective action can be flexibly adapted based 

purely on previous experience.  

 

MATERIALS AND METHODS 

Subjects.  Eleven paid subjects (4 males and 8 females, 21-37 years old) 

participated in the principal experiment and a different set of 7 subjects (3 males and 4 

females, 20-27 years old) participated in the control experiment, after providing written 

informed consent. All subjects had normal or corrected to normal vision and were naïve 

to the goals of the study. All subjects completed a modified Edinburgh handedness 

questionnaire (Oldfield, 1971) upon their arrival and used their dominant hand to lift 

object. The subjects could see the object and their digits throughout the experiment. 

 

Test object and testing apparatus.   The experimental object that subjects lifted 

using a precision grip (with the tips of the thumb and index fingers on either side) is 

shown in Figure 1. The object was a hollow cube 5 cm in height with an open bottom, 

composed of the opaque black polyoxymethylene plastic Delrin. A handle, attached to the 

top of the object (see Fig. 1), was instrumented with force-torque sensors (Nano 17 F/T, 

ATI Industrial Automation, Garner, NC) that enabled measurement of the forces applied 

by the thumb and index finger to the handle when lifting. Each sensor was capped by a 

circular plastic disk (3cm diameter) covered by medium-grain sandpaper. The two disks, 
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and hence the surfaces contacted by the thumb and index finger, were oriented in parallel 

vertical planes, separated by a distance of 4 cm.  

 

 

 

Figure 1.  A) Test object instrumented with force transducers. B) Contact disk(s) mounted 

on force torque sensor measuring fingertip forces. 

 

Each sensor measured the normal force (Fz) perpendicular to the surface of the disk and 

two orthogonal forces (Fx and Fy) tangential to the surface of the disk (Fig. 1B). When the 

object was resting on the table top, Fy directly measured the vertical lift force applied to 

the sensor. Moreover, because participants keep the object level when lifting, Fy provided 

a reasonable measure of this vertical force after lift-off. The sensor also measured torques 

about these three force axes at the center of the contact surface. The test object was also 
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equipped with a position sensor that recorded the linear and angular orientation of the 

object in three dimensions (LIBERTY, Polhemus, Colchester, VT).  

 A string was attached to a hook located at the center of the object. The string then 

passed through a small opening in the support table, and was connected via a series of 

pulleys to a rod located underneath the table. This rod rotated about a pivot axis located 1 

m away from the tip of the rod attached to the string. Thus the tip of the rod primarily 

moved in the vertical direction when a test object was lifted off the support surface. A 

weighted trolley that was fastened to a linear motor slid along the rod. By locating the 

trolley at different locations along the rod, the effective weight of the object could be set 

with a resolution of 0.01 N. To prevent participants from receiving auditory cues about 

object weight, the linear motor was moved on every trial (i.e., including trials in which 

the weight was not changed) (Figure 2). 

Behavioral procedure.  Participants sat comfortably in a chair with their 

dominant hand extended anterior to their body. They were instructed to lift the test object 

vertically 20 mm from the table by bending mainly the elbow and to lift the object 

vertically without tilting. They were verbally and pictorially informed about the steps to 

be followed in each lifting trial (see below). Participants were given twenty practice trials 

(i.e., lifts) with a 2 N weight preceding the principal experiment.  

 Following the practice trials, subjects in the principal experiment performed two 

blocks of 110 lifts: one block in the ‘2_4’ condition and one in the ‘2_6’ condition. In 

both conditions, the weight was set to 2 N in 80% of the trials. In the remaining 20 % of 

trials (2 trials randomly selected from each successive 10 trials)  
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Figure 2. Testing Apparatus 

 

 

the weight was set to either 4 or 6 N (condition ‘2_4’ and condition ‘2_6’ respectively) 

(Fig. 3). We ensured that these extra weight trials were separated by at least 2 trials. 
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Figure 3. Experimental Procedure for Principal and Control experiment. 

 

Previous studies examining responses to unexpected weight changes have used a 

design in which, following a change in weight, the weight remains constant for several 

trials (e.g., Johansson and Westling, 1988). These studies have shown that, following a 

weight change, lifting forces are updated to the new weight within a single trial 

(Johansson and Westling, 1988; Gordon et al., 1991a, b). However, because – in the 

principal experiment – weight was increased to 4 or 6 N for a single trial before being 

reset to 2 N, we predicted that participants would learn not to update their lifting forces in 

trials following heavy weight trials. As a control, we carried out an additional experiment 

in which the weight changed every 8 ± 2 trials and expected that subjects would update 

their lifting forces following weight changes. In this control experiment, each participant 

completed 88 consecutive lifting trials in each of the two conditions (‘2_4C’ and ‘2_6C’) 
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where the weight was changed between 2 and 4 N or between 2 and 6 N, respectively 

(Fig 3). 

The start position of the hand was 5 cm away from the object. A tone (400 Hz, 

500ms) signaled the subject to reach towards, grasp and then lift the object to a height of 

2.00 cm above the table top. Participants were instructed to lift confidently and quickly 

after establishing contact between the fingertips and the object. A second tone (200 Hz, 

500 ms), delivered few seconds after the object lifted off and hence while object was held 

stationary in the air, signaled the participant to put down and release object and then 

return their hand to the start position. The maximum vertical position of the object was 

provided as visual feedback about lift height and was displayed to the subject after every 

lift for 1500 ms after the object was replaced. In particular, a set of seven horizontal lines 

arranged vertically on a digital display board were displayed after every trial and 

represented a range of heights that the object could extend to. The lines were separated by 

1 cm and the middle line (4
th

 from either top of bottom) represented the height 

participants were instructed to lift to (2.00 cm). A pointing arrow was displayed to the 

right of the line that best matched the actual lift height. Each lift trial lasted about 5000 

ms and the interval between successive lifts was about 1500 ms.  

 

Data collection and analysis.  Data were acquired through sampled signals from the 

force-torque sensors (250 Hz) and the position-angle sensor (240 Hz). These signals were 

digitally smoothen using a fourth-order, zero phase lag, low pass Butterworth filter with a 

cutoff frequency of 14 Hz. We define the grip force as the average of the normal forces 
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applied to the two sensors and the vertical or load force as the sum of the vertical forces 

applied to the two sensors (see Fig. 1). The rate of change of grip force (or grip force 

rate) and the rate of change of vertical force (or vertical force rate) were computed using 

a first order central difference equation. 

The onset of the load phase – i.e., the period of time over which vertical force was 

increased prior to object lift-off – was deemed to begin when the vertical force rate last 

exceeded 0.5 N/s before reaching its maximum value, i.e., when the vertical force began 

to increase steadily. The offset of the load phase was defined as the time at which the 

vertical force reached the weight of the object. Hence, the end of the load phase closely 

matched the time of lift-off. 

When lifting, participants generated an initial, smooth increase in vertical force. 

As will be demonstrated below, this increase reliably targeted the expected weight of the 

object (i.e., 2 N in the principal experiment and either 2, 4, or 6 N in the control 

experiment). To quantify this initial, predictive increase in vertical force, we determined 

the peak in vertical force rate during the initial increase in vertical force (see Fig. 4). 

People tend to lift objects of varying expected weight in about the same amount of time 

(Johansson and Westling, 1984). To accomplish this consistency, they scale the rate of 

change of vertical force, during the predictive increase in vertical force, to the expected 

weight of the object. In addition, when the instructed lift height is small, as in the current 

study, people typically reduce the load force rate so that it approaches zero at the 

expected lift-off time. Therefore, the peak rate of change of vertical force during the 
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initial increase in vertical force, which we will refer to as the initial peak vertical force 

rate, provides an index of predicted weight.  

 As shown on Figure 4, in trials in which the weight was unexpectedly heavy,  

probing increases in vertical force were observed following the initial predictive increase 

in vertical force and these continued until lift off occurred. To quantify this corrective 

response, we determined the amplitude and duration of each pulsatile vertical force 

increase as follows (Figure 4). We first identified the peak in vertical force rate 

associated with the first corrective increase in force. This was defined as the first peak in 

vertical force rate (following the initial peak associated to the initial increase in vertical 

force) for which the vertical force at the time of the peak was greater than the predicted 

weight. For this peak and subsequent peaks in vertical force rate, we then identified the 

minima in vertical force rate immediately prior to and immediately following the peak 

(i.e., on either side of the peak). The times of these minima defined the start and end 

points of each corrective probing increase in vertical force. The vertical force values 

associated with this time points were extracted and the amplitude of each corrective 

increase in vertical force was calculated. The duration of each corrective increase was 

 also calculated from these time points. Repeated measures ANOVAs were used to assess 

experimental effects. A p value of 0.05 was considered to be statistically significant.  
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Figure 4. Data extraction method. 
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RESULTS 

In the principal experiment, every subject completed the two conditions where the 

object weight was 2 N on 80% of the trials and either 4 N (in the 2_4 condition) or 6 N 

(in the 2_6 condition) in 20% of the trials. The order of the conditions experienced was 

counterbalanced across subjects. Figure 5 shows the vertical force, vertical force rate, and 

the vertical position of the object from three individual trials in which a single  

 

Figure 5. Kinetic (Vertical Force, Vertical Force Rate) and Kinematic (Vertical position of 

object) records as a function of time from 3 representative trials 

representative participant lifted a 2 N weight in both 2_4 and 2_6 condition. The load 

phase, shown as the shaded area, started when subjects initiated an increase of the vertical 

force and ended when the object lifted off.  
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The load phase was clearly influenced by object weight as seen in Figure 5. When 

the object weight was 2 N (Fig. 5A), the vertical force development during the load phase 

was adequately programmed. This was seen as a smooth increase in the vertical force up 

to approximately 2 N that was associated with a unimodal vertical force rate profile. 

When lifting the 4 or 6 N weights on catch trials (Fig. 5B, C), the initial increase in 

vertical force was also targeted to the 2 N weight. When the object did not lift off as 

expected, this initial, predictive increase in vertical force was followed by additional 

increases in vertical force, each associated with a vertical force rate peak. The additional 

increases in vertical force began approximately 100 ms after the time the object was 

expected to lift off the surface, given a 2N weight. Thus, the absence of the expected 

sensory events associated with lift-off triggered a corrective action involving probing 

increases in vertical force. 

Figure 6 shows, for two representative participants, superimposed vertical force  colour 

coded by object weight). In addition, the average vertical force and vertical force rate 

functions for each weight in each condition are shown (thick lines). As can be 

appreciated visually, both participants targeted a 2 N weight in all lifts. For the light 

weight (2 N) trials, a smooth increase in vertical force was observed during the initial 

~120 ms after vertical force onset until the object’s weight was overcome and the object 

lifted off. Similar vertical force and vertical force rate records were seen in the heavy 

weight catch trials over the first ~120ms. The smooth initial increases in vertical force 

were typically associated with unimodal vertical force rate functions  
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and the initial peak vertical force rate occurred at approximately the midpoint of the 

initial increase in vertical force (i.e., when the vertical force was roughly 1 N). This 

pattern of results was consistent across all eleven participants.  

 

 

Figure 6. All trials for two representative participants from principal experiment. 
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Quantification of the initial, predictive vertical force increase. As described in the 

Methods, we quantified the predictive component of the load phase by determining the 

initial peak vertical force rate. This measure provides an index of expected weight. We 

expected that the initial peak vertical force rate would be similar in 2 N trials and in 

heavy weight catch trials. We were also interested in whether participants would increase 

the initial peak vertical force rate in trials following heavy weight catch trials. 

 Previous research has shown that when object weight is changed in blocks of 

trials (e.g., every 5-10 trials), participants update their fingertip forces on the lift 

following a weight change (Johansson and Westling, 1988, Gordon et al., 1991a, Gordon 

et al., 1991b). However, in the principal experiment, the weight was only increased (to 4 

or 6 N) for a single trial before being reset (to 2 N) in the next trial. If participants learn  

 

Figure 7. Initial Peak Vertical Force rate as a function of trial type and condition.  

 

A) 
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this trial structure (or initially assume that weight increases will be transient), we 

might expect that they will not increase the initial peak vertical force rate in lifts 

following heavy weight catch trials. 

To investigate these questions, we computed, for each participant and condition, 

the average initial peak vertical force rate for three consecutive trial types: trials before 

catch trials, catch trials, the trials following catch trials. Figure 7A shows the initial peak 

vertical force rate as a function of trial type and condition in the principal experiment 

where heavy weight catch trials were presented randomly 2 out of 10 trials in conditions 

2_4 and 2_6. A 2 (condition) x 3 (trial type) repeated-measures ANOVA showed no 

difference (F(1, 10) = .638, p > .05) in the initial peak vertical force rate between the 2_4 

condition (M =35.83, SE =2.13) and the 2_6 condition (M = 36.68, SE = 1.66). The 

initial peak vertical force rate varied across trial type (F (2,20)= 7.26, p = .01). However, 

post-hoc pairwise Bonferroni-corrected comparisons revealed no significant pairwise 

differences among the three trial types, collapsed across both conditions (p > .05 in all 

three cases). Likewise, there was no significant differences between conditions for any of 

the trial types (p>.05 in all three cases). The interaction between condition and trial type 

was not significant F (2, 20) =1.16, p > .05. These results indicate that participants 

targeted the 2 N weight on every trial throughout the experiment. That is, participants did 

not anticipate weight changes in catch trials and appeared to learn that the increase in 

weight would only last one trial.  

To assess whether this lack of updating of expected weight following catch trials 

was specific to the trial history in the current task, rather than our particular experimental 
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set up, we carried out a control experiment. In the control experiment the 2 N and extra 

weight (4 or 6 N in different conditions) trials were presented in blocks of 8 ± 2 trials. 

Thus, when the weight increased from 2 N to either 4 or 6 N, the weight remained at 4 or 

6 N for 6 to 10 trials. For each participant and condition, we computed the average initial 

peak vertical force rate for three consecutive trial types: trials before catch trials, catch 

trials (i.e., trials in which the weight was increased to the heavier weight), and trials 

following catch trials. Figure 7B shows the mean initial peak vertical force rate as a 

function of condition (i.e., heavier weight) and trials type. A 2 x 3 repeated measures 

ANOVA failed to reveal significant difference of the initial peak vertical force rate 

between the two conditions (F (1, 6) = 1.59, p > .05). However, there was a significant 

effect of trial type, F (2, 12) = 30.62, p < .05 and a significant interaction between 

condition and trial type, F (2, 12) = 4.86, p<.05. Post-hoc comparisons were performed 

using the Bonferroni adjustment for multiple comparisons. When collapsing across 

conditions, no difference in initial peak vertical force rate was observed between the trial 

before the catch trial with the light weight (M = 27.72, SE = 2.30) and the catch trial with 

the heavy weight (M = 31.95, SE 2.47), p >.05. This suggests that subjects were unaware 

when the extra weight catch trial was presented and targeted the light weight. However, 

there was a significant increase (p < .05) between the initial peak force rate in the trial 

before the catch trial to the heavy weight trial immediately following the catch trial 

(40.89 N/s, SE = 3.79; data collapsed across conditions). These results indicate that 

following the experience with the extra weight, subjects in the control experiment 

increased vertical force rate on trials following catch trials. Taken together, the results of 
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both experiments indicate that the response to an unexpected increase in object weight 

depends on the history of lifts experienced by the participant, which presumably is used 

to predict the future sequence of object weights. In the principal experiment, participants 

did not update expected weight following catch trials because they learned that the extra 

weight would only be presented for a single trial whereas, in the control experiment, 

participants did update expected weight because the learned that the weight change would 

be persistent. 

 

Anticipatory and corrective actions in the control experiment 

 Figure 8 shows, for two representative participants, all individual vertical force 

traces and their rates of change overlaid with the mean traces of the three weights lifted 

during the control experiment. As illustrated in the figure, in most trials vertical load 

force was smoothly increased to the actual weight of the object. 

The initial peaks of vertical force rate of change occurred when the vertical force 

are approximately half way to the targeted weight, suggesting that participants were 

correctly predicting the upcoming weight and scaled their fingertip forces accordingly. 

Note also that participants typically lifted the three different weights in approximately the 

same amount of time and that this was achieved largely by scaling the rate of change of 

vertical force. The few blue and red vertical force traces that do not smoothly increase to 

4 and 6 N, respectively, represent the catch trials in which the weight was increased 

unexpectedly. 
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Figure 8. All trials for two representative participants from control experiment. 

 

Analysis of the corrective responses in the principal experiment. 

To quantify the corrective responses on heavy weight catch trials, for each trial 

we determined the amplitude and duration of each successive increase in vertical force 

that was observed following the initial increase in vertical force (see Methods).  
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Figure 9. Average amplitude and duration of corrective vertical force increases. 

 

Figure 9 shows, for both the 2_4 and 2_6 conditions, the average amplitude and duration 

of the corrective vertical force increases based on participant means, which are show by 

the grey circles (with grey lines joining each participant’s means). A paired samples t-test 

demonstrated that the amplitude in the 2_4 condition (M= .89 N, SE = .02) was 

significantly smaller (t (10) = -14.89, p < .05) than in the 2_6 condition (M = 1.36 N, SE 

= .03). In contrast, no statistically significant difference was observed between the 

duration in the 2_4 (M = 87.70 ms, SE = 1.54) and 2_6 (M = 88.38 ms, SE=1.20) 

conditions (t (11) = -.40, p > .05). These results indicate that the durations of corrective 

increases in force did not depend on condition whereas the amplitude associated of these 

force increases was larger for the 2_6 condition than the 2_4 condition. Thus, participants 

adapted the gain of the corrective responses based on trial history.  
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Adaptation of the corrective increases over trials 

To examine how the corrective action adapted across trials, we plotted the mean 

amplitude of corrective vertical force increases, averaged across participants, as a 

function of catch trial number for each condition (Figure 10). No difference was observed 

between the amplitude increases in the two conditions on the very first catch trial (paired 

sample t-test, t (10) = .52, p >.05) or the second catch trial (t (10) = -1.46, p > .05). 

However, by the third trial, the amplitude of the vertical force increase was higher for the 

2_6 condition than the 2_4 condition (t(10) = -4.43, p = .001).  

   

 

 

 

Figure 10. Average amplitude of corrective vertical force increases as a function of catch 

trial number per condition. 
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DISCUSSION AND CONCLUSIONS 

This study was designed to test the novel hypothesis that corrective actions can be 

shaped by previous experience, independent of the sensory stimulus driving the action. 

We measured vertical forces while participants lifted one object using a precision grip to 

examine the responses to varied catch trial weights experienced by the participants. This 

was achieved by having participants lift a light 2 N weight on 80% of the trials and a 

heavier weight (4N or 6N) on 2 out of 10 trials (randomly selected). Our results showed 

that the gain of the corrective actions initiated when an object is heavier than expected 

can be shaped by previous experience lifting the object. Thus, the corrective action 

features a “predictive” component, as shown by the adaptation of the corrective actions 

over the trial progress. This evidence supports that the corrective responses resulting 

from a mismatch between the predicted and actual target weight can be shaped by the 

statistics of the task. 

Previous literature has suggested that our current state is effectively predicted by 

our immediate past experiences (Johansson and Westling, 1988 a,b). Our results provide 

evidence that we also observe the statistics of the task in the environment and we use this 

information to alter the way we update our actions based on errors. Similarly, Huang and 

Shadmehr (2009) have investigated how the statistics of the environment affect learning 

and retention rates when learning to move objects with novel dynamics that applied 

perturbing forces to the hand. In their learning phase, participants had to learn to produce 

compensating forces, in the opposite direction of the perturbing forces generated by the 

object, in order to reach successfully. Therefore, subjects needed to estimate the 
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perturbing force in order to produce an accurate motor command. They showed that if 

novel loads in reaching movement are introduced (and subsequently removed) abruptly, 

the decay rate of motor memory will be high (as if participants expect that the change 

may be fleeting), whereas if the novel loads are introduced gradually, the decay rate will 

be low (as if participants expect that the change may be more persistent). In a similar 

manner, subjects in our experiment needed to estimate the upcoming object weight in 

order to succeed a lift. Subjects clearly altered the way in which they updated lifting 

forces from trial to trial depending on the history of weight changes. 

 We observed that the durations of the probing force increases seen during the 

corrective response when an object was heavier than expected were ~90 ms. 

Interestingly, this is about the same amount of time required to initiate corrective 

responses following mismatches between expected and actual weight (Johansson and 

Westling, 1988 a,b) and between expected and actual surface friction or material 

(Johansson and Westling, 1984). Moreover, corrective actions observed during 

inadequate initial contact with object that result in accidental slips (signaled by the 

presence of unexpected cutaneous input) have been reported to be 70-90 ms (Edin, 

Westling, Johansson, 1992; Burstedt, Edin and Johansson, 1997). All of these corrective 

responses are primarily based on cutaneous signals. However, corrective responses made 

primarily in response to muscle stretch have also been investigated. Recent work focused 

on the intelligence of responses to limb perturbations by Crevecoeur, Kurtzer and Scott 

(2012) has shown that short latency responses (20-40 ms) to force perturbations show 

little adaptability whereas longer-latency responses (50-105 ms) begin to show 



48 

 

adaptability and sensitivity to task goals. The adaptability of the corrective responses 

observed in our study has also shown to be sensitive to the task history. That is, the gain 

of the corrective responses was adapted based on the trial history, while the durations of 

the response increases remained the same.  
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Chapter 4  

General Discussion 

People often generate accurate predictions about weight based on object size 

(Johansson and Westling, 1988a,b; Gordon et al., 1991c, b; Flanagan and Beltzner, 2000; 

Mon-Williams and Murray, 2000) and material (Buckingham et al., 2009) as well as 

sensorimotor memory based on previous lifts of the object or similar objects (Johansson 

and Westling, 1988; Gordon et al., 1991a; Gordon et al., 1993; Flanagan et al., 2001; 

Cole, 2008).  When the object size and material are kept the same while the weight is 

manipulated on occasional trials, we have shown that people generate reactive corrections 

that are related to the context and the history of the task. 

In the past, researchers have shown similar history and context related effects on 

reflex function in studies examining the postural reflex network during human 

locomotion. For example, Horak and Nasher (1986) have shown that the coordination of 

postural responses patterns depends on environmental constraints imposed by task 

conditions. In their experiment, subjects were asked to stand on support surfaces of 

different lengths, and occasionally, a horizontal surface perturbations were introduced. 

By measuring leg and trunk muscle activation latencies, authors were able to show that 

different postural movement strategies were used to compensate for the same external 

perturbations (Horak et al., 1986). More recently, Rietdyk and Patla (1998) explored the 

context-dependent reflex control by delivering perturbations (trips) in two different 

support situations to their subjects while walking: one condition was uni-limb support, in 



50 

 

which the stance leg was the only support, and the other was tri-limb support, in which 

the stance leg plus the two hands gripped a railing to provide support. They showed that 

that the magnitude of response to a perturbation while walking (measured as the EMG 

responses) depends on the support situation, while the response latencies were similar in 

both conditions (Rietdyk and Patla, 1998). Their findings suggest that the reflex 

modulation is appropriate for a given context itself (as a function of support).  Similarly 

for both of the studies by Horak et al., 1986, Rietdyk et al., 1998, context related effects 

on reflex function were demonstrated in experiments where context change was easily 

sensed by subjects. For example, it is obvious to subjects whether or not the two hands 

are gripping a rail or whether the support surface is of a different length. Our study 

expends on these findings suggesting that even in the case where the context is shaped 

solely by the task history, similar context dependent reflexes are observed. That is, the 

conditions in our study were different in terms of the size of the perturbation (occasional 

heavier weight). We showed that when a perturbation was introduced, depending on the 

context, the reflex gain was higher for the condition with the heavier catch trial weight 

(6N vs. 4N), whereas the latencies of the scaling increases remained the same.  

Our results fit with the suggestion that the sensorimotor system may perform 

context estimation by generating simultaneous predictions about the sensory 

consequences expected under two or more contexts (Wolpert and Ghramani, 2000). For 

example, when lifting a teapot that could be empty or full, the system might use an 

efference copy of the motor command to simultaneously predict lift off times for each of 

these states (Wolpert and Flanagan, 2001). If the teapot is full, the actual sensory events 
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signaling lift off will match the predictions for the full teapot contest. This leads to a 

heightened probability that the teapot is full and low likelihood that it is empty (Wolpert 

and Flanagan, 2001). Since only a single motor command can ultimately be issued 

(although multiple sensory predictions might be generated) the motor command will most 

likely match the more probable state of target object. In our experiment, the light weight 

was experienced 80% of the time where the actual sensory events signaling lift off 

matched the predictions for the light weight. We demonstrated that subjects quickly 

learned that the light weight was more probable than the heavy weight, and targeted the 

light weight on all lifts, including the heavy weight catch trials. During the extra weight 

trials, when the object did not lift off at the time predicted for a light object, the 

likelihood of the 2N context dropped towards zero and the likelihood of the greater 

weight (4N of 6 N depending on the condition) increased. In our experiment we showed 

that  when the object does not lift off (in catch trials), the motor system may immediately 

(i.e., during the trial) select the heavier object as highly likely, and that the gain of the 

corrective response may be adjusted accordingly.  

What is really interesting is that although subjects were presented with only two 

weights, the predictions of the infrequent heavy weight were not used in the same way as 

prediction about the lighter weight. Even with the second weight in mind, subjects never 

targeted the heavy weight with one predictive increase in load force (following the initial 

increase for the 2N weight). That is, subjects did not appear to generate a second, 

predictive increase in load force for the heavier weight. Instead, they always responded to 

the heavy weight by generating a corrective response consisting of probing increases in 
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load (following the first voluntary increase of load force targeted to the 2N weight). One 

reason subjects may have generated corrective responses rather than a second, voluntary 

and predictive increase in load force is that the former may be quicker, allowing the 

object to be lifted in less time. It is important to note that subjects used this corrective 

strategy without explicit instructions. Subjects only knew that they needed to lift the 

object off the surface. It seems likely that if we had instructed subjects to generate an 

initial increase in load force, suppress the corrective responses, and the make a second 

voluntary increase in load force, they could learn to scale to the second increase as well 

as the first. However, initiating the second voluntary increase may have taken something 

in the order of 200-300 ms rather than the 100 ms required to initiate the corrective 

response. Thus, whereas generating a second voluntary increase in load force may have 

saved some time because it would avoid making 2 or 3 probing increases in force, this 

may come at an even greater time cost associated with initiated a completely new 

voluntary movement. Note that the 200-300 ms estimate for initiating a second voluntary 

increase in load force is based on studies of arm movement corrections to large 

unexpected target jumps. These studies have shown that whereas small and rapid arm 

movement corrections, generated within approximately 120 ms, are often produced for 

small target jumps, larger arm movement corrections, initiated 200-300 after the jump, 

are typically observed for larger target jumps (Pellison, Prablanc, Goodale, Jeannerod, 

1986; Preblanc and Martin, 1992). One interpretation of these results is that the 

sensorimotor system has built-in rapid corrective responses to handle small errors that 

may arise from sensory or motor noise but relies on slower voluntary responses to handle 
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larger errors. Of course, an interesting difference between target jumps and the “weight 

jumps” used in the present study is that the magnitude of the latter (unlike the former) 

cannot be directly sensed at the time of the jump. Thus, even though these weight jumps 

could be substantial (e.g., a 200 percent increase in weight in the case of the 6 N 

weights), subjects still generated relatively rapid and automatic corrective responses. 

We found that in the condition in which increases in object weight lasted for a 

single catch lift, participants quickly learned not to update load force following weight 

increase and the prediction error that resulted. In contrast, when the weight changed 

across blocks of 5 to 9 lifts, load force was updated. These results indicate that the 

updating or parameterization that typically occurs when object properties are changed is 

not obligatory and depends on the statistics of the task. We were also able to show that 

lifting an object with the same appearance but different possible weights can trigger an 

intelligent reflexive correction where the gain is context dependent and related to the 

history of the task.  

 

Scaling – the signal itself 

Although sensory feedback is continuously predicted and monitored throughout 

all action phases involved in a manipulation task, tactile signals associated with 

mechanical contact events play an especially important role in the control of object 

manipulation task. For example, FA II afferents quickly and reliably signal the transient 

mechanical events that occur when an object is lifted off or placed on a surface. In 

contrast, SA I and especially FA I afferents signal making and breaking of contact 
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between the digits and the object (Westling and Johanssonm 1987, Johansson and 

Flanagan 2009). It has been argued that these mechanical events, which mark the 

completion of task phases, serve as critical sensorimotor control points in object 

manipulation tasks (Johansson et al., 2001; Flanagan, Bowman, Johansson., 2006). By 

comparing predicted and actual tactile signals linked to mechanical events, the central 

nervous system can evaluate whether task sub-goals  (such as object grasp and lift off) 

have been successfully completed and can launch appropriate corrective actions as 

needed. Moreover, information about object properties provided by tactile signals, 

including texture, shape and weight, can be used to parameterize subsequent action 

phases (Johansson and Westling, 1984, 1988a,b; Jenmalm and Johansson, 1997; Jenmalm 

et al., 1998). For example, when lifting an object, information about the friction between 

the skin and object surface obtained as the digits contact the object at the end of the grasp 

phase can be used to determine the appropriate ratio of grip force load force during the 

subsequence load, lift and hold phase (Johansson and Westling, 1984). 

Experiments with local anesthesia have shown that this adaptation to the friction 

is dependent on the cutaneous afferent input (Johansson and Westling, 1984b). Previous 

work has shown that reactive changes in fingertip forces can vary with the nature of the 

sensory input, task, and task phase (Johansson and Westling, 1987 a,b). For example, 

when the surface material of an object being lifted was either sandpaper, suede and silk 

and participants expected sandpaper in all 3 cases, grip force adjustments were initiated 

when the material was suede or silk and hence more slippery than expected (Johansson 

and Westling, 1987a,b). These adjustments (i.e. corrective actions) were manifested as 
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increase in the rate of change of grip force, and scaled with the slipperiness of the surface 

(i.e., with more slippery silk causing a strong change than suede) (Johansson and 

Westling, 1987). The evidence from these studies suggests that the scaling of the 

corrective action can be influenced by the intensity of the tactile afferent inputs such that 

the adaptation is appropriate for the surface friction (Johansson and Westling, 1987; 

Cadoret and Smith, 1995). In our experiment we demonstrated that scaling can change 

purely on the basis of previous experience even when the sensory signals and task remain 

unchanged. Because subjects targeted a 2N object in both the 2-4 and 2-6 conditions, the 

sensory signals at the time of expected object lift-off, and shortly thereafter, were the 

same for the 4 and 6N objects. Based on the previous experience with the object weight, 

the scaling was tailored for the different extra weights even though the sensory conditions 

remained the same. 

In the current study, we were able to demonstrate that the reflex mechanisms that 

modulate reactive responses upon load change have a predictive component. Similar 

findings were reported by Ohki and colleagues (2002) who investigated reactive 

fingertip forces in a task in which participants placed the index fingers of the right and 

left hands on two plates that could be pulled away by a sudden force perturbation. 

Subjects were presented with two different types of trials and were instructed to simply 

restrain the plates from moving. During ‘linked’ trials, loads were applied simultaneous 

to both contact plates and during ‘unlinked’ trials the load was applied to either finger 

(Ohki et al., 2002). In one series of trials, the two contact plates were linked in 86% of 

the time whereas in another series, 80% of the time only one plate was loaded. By 
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manipulating the probability of the behavior of the apparatus the authors were able to 

demonstrate that the reactive fingertip forces, generated in response to the perturbation, 

were scaled to the predominant behaviour of the apparatus. Specifically, when most of 

the trials were linked, subject pressed on both plates even when the load was only 

applied to one finger. Conversely, when most of the trials were unlinked, subjects were 

less likely to press with both finger when only one plate was perturbed. Similarly in our 

experiment, we showed that the reactive fingertip forces were scaled to the predominant 

heavy weight within a block. We demonstrated that only few experiences with a 

consistent heavy weight randomly presented among the predominant light weight, can 

modulate reactive fingertip forces. 

 

Lack of strong load force updating following heavy weight trials. 

Previous fingertip force studies have reported clear one-trial updating of fingertip 

forces scaling for the weight experienced on a preceding trial (Johansson et al., 1998a). 

However, no such strong updating was seen in our principal experiment. Presumably, 

subjects learned that weight increased only occasionally and only for a single trial. This 

lack of updating can be contrasted with the much stronger updating seen in the control 

experiment when object weight changes across block of trials in which case we assume 

participants learn this pattern of stimuli. The lack of rapid and strong updating has been 

shown in the presence of misleading size cues about weight (Gordon et al., 1991a, 

Flanagan and Beltzner, 2000, Flanagan et al., 2008). In our case, we had a change and 

back situation and this presumably explains why participants do not show much 
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modulation of load force drive following an extra-weight trial. We did not specifically 

examine the very first weight change trial to see whether participants updated to the new 

weight immediately. However, based on our average results, it seems unlikely that 

participants robustly changed their force output for the new weight in a single trial. In 

general, it is not obvious what people’s priors are for sudden parameter changes that are 

experience for the first time, be it object weight, visuomotor rotation angle, or force field 

strength. It may depend on the number of previous constant parameter trials and the 

novelty of the task and environment.  

Our observations that subjects continue to use reactive force scaling even after 

twenty experiences with intermittently presented heavy weight trials are based on 

experiments where the weight difference between the baseline and catch trial weight is 

small (wither 2N or 4N within block). An interesting question that rises is what happens 

if the change is larger? That is, if the difference among the two weights within a block is 

larger, would the reactive increase still occur or would participants stop generating this 

corrective response and instead generate a single voluntary increase in load force for the 

heavier weight? In a series of preliminary studies we observed that in the case when the 

difference between the light and the heavy object is larger (light weight is 2 N and heavy 

weight is 10 N), subjects still use reactive motor control with a difference that the 

corrective increases were even larger such that only 2 to 4 increases were required for lift 

off. Given this continued gain scaling of the corrective response, it may still be more time 

efficient to rely on the corrective mechanism that to generate a second, voluntary increase 

in load force. That is, these observations are in line with our findings that the reactive 
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motor control is an efficient mechanism that enables us to lift objects with different 

weights.  

If an extreme weight is presented to subjects following a series of lifts with a 

small weight, will subject continue to generate corrective increase until the object lifts off 

or will there be a point at which these automatic corrective mechanism is aborted? In 

another set of preliminary studies we observed that if the initial experienced weight is 

small (3 N), and then subjects are presented with a extremely heavy object (~20 N), 

subjects start to correctively increase their fingertip forces in pulses, as seen with the 4 N 

and 6 N objects. However, almost all subjects stopped generating corrective increases in 

load force before the vertical force reached 20 N and hence before the object lifted off. 

The subsequent response varied widely across subjects, with some generating a second 

voluntary increase in force followed by corrective probing increases and others simply 

giving up and releasing the object. This suggests of the possibility of tradeoff between the 

predictive and reactive force control, depending on the efficiency of the motor movement 

execution. 

The current study confirms that there are two essential control policies for 

movement control: predictive and reactive. We have shown that efficient object 

manipulation requires execution of certain predictions regarding object properties. That 

is, to be able to quickly and smoothly lift an object from a surface, object weight must be 

correctly anticipated. These predictions about object’s weight can be formed based on 

familiarity i.e. previous an experience. This study also showed that “smart” corrective 

actions are employed when the prediction about object weight is erroneous. One question 
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that remains to be addressed in future is whether there is a higher level of control that 

comes in the fore when the two policies do not work efficiently on their own.  For 

example, as we have seen in our preliminary study, when humans experience an extreme 

weight object (20 N) after lifting a light object, the boundary to bail out and not execute a 

liftoff seems to be task dependent. That is, if the light weight preceding the 20 N lift is 3 

N (as described above), subjects are more likely to bail out and not lift the 20 N object 

when compared to a 7 N object preceding the extreme heavy weight (which was also test 

in preliminary work). Some other questions that will further help us with the 

understanding of the reactive force control during object manipulation is to examine how 

we scale forces to objects with a weight that is independent of object’s size. That is, does 

the gain of the corrective action, elicited when an object is heavier than expected, scale 

with object size, independent of object weight? Containers of varying size may have 

approximately the same weight when empty (e.g., water bottles) but very different 

weights when full. Thus, if an actor expects a container to be empty but it does not lift off 

at the expected time, one might expect the corrective action to scale with container size. 

The prediction of object weight is based on declarative or explicit memory. In 

other words, people are explicitly aware of object weight and are able to articulate 

whether they think an object will be relatively heavier or light. However, it seems likely 

that the adaptation of the corrective action observed when an object is heavier than 

expected, documented here, involves procedural or implicit memory. That is, it seem 

unlikely that people are aware of the fact that the gain of the corrective action varies 

depending on the recent history of unexpected heavier objects. This suggests that 
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precision grip lifting tasks may provide a non-verbal means of assessing a variety of 

memory systems. Such tasks may be particular helpful in assessing memory deficits in 

aging and various neurological disorders such as Alzheimer’s disease. 
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