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Transfer and generalization

of learned manipulation

between unimanual and bimanual
tasks

Trevor Lee-Miller!, Marco Santello? & Andrew M. Gordon®™*

Successful object manipulation, such as preventing object roll, relies on the modulation of forces
and centers of pressure (point of application of digits on each grasp surface) prior to lift onset to
generate a compensatory torque. Whether or not generalization of learned manipulation can occur
after adding or removing effectors is not known. We examined this by recruiting participants to
perform lifts in unimanual and bimanual grasps and analyzed results before and after transfer. Our
results show partial generalization of learned manipulation occurred when switching from a (1)
unimanual to bimanual grasp regardless of object center of mass, and (2) bimanual to unimanual
grasp when the center of mass was on the thumb side. Partial generalization was driven by the
modulation of effectors’ center of pressure, in the appropriate direction but of insufficient magnitude,
while load forces did not contribute to torque generation after transfer. In addition, we show that
the combination of effector forces and centers of pressure in the generation of compensatory
torque differ between unimanual and bimanual grasping. These findings highlight that (1) high-
level representations of learned manipulation enable only partial learning transfer when adding or
removing effectors, and (2) such partial generalization is mainly driven by modulation of effectors’
center of pressure.

Skilled object manipulation is accomplished through the sensorimotor coordination of effector kinetics and kin-
ematics to object properties and task goal'~®. Effector kinetics (digit forces) and kinematics (digit placement) have
been shown to be controlled in anticipation of an external object torque through a continuum of control between
grasp kinetics and kinematics (for review’). Specifically, when digit placement is unconstrained, learned manipu-
lation relies on a digit force-to-placement coordination to successfully perform the task?°. When lifting objects
with different centers of mass'®-'?, learned manipulation involves the modulation of digit forces and placement to
generate a compensatory torque to prevent object roll>"*. Digit centers of pressure and load forces are modulated
by placing the digit on the side of the center of mass higher and applying more load force at that digit. Covariation
of digit forces-to-placement provides evidence of a high-level representation of learned compensatory torque
that drives the flexible coordination where digit forces are selected based on the feedback of digit placement®'*.
Aside from two-digit precision grasping, we have recently shown that digit force-to-placement modulation is
a general feature of dexterous manipulation that is also found in whole-hand'® and bimanual'® manipulation.

A high-level representation was shown to generalize when adding or removing degrees of freedom, between
two- to three-digit grasps, where learned manipulation resulted in similar torques before and after transfer'’. In
contrast, learned compensatory torque does not transfer across hands'®-%, or after switching hands with object
rotation, in an attempt to maintain the mirrored dynamics between the hands'®'*. Thus, learned manipulation
of object torque seems to be specific to the frame of reference between the object and body??. The successful
transfer between changing degrees of freedom of the same effector (two- to three-digits) and the finding of
high-level representation enabling digit force-to-position coordination in both unimanual and bimanual grasps
raises the following question: Can high-level representations of dexterous manipulation generalize after adding
or removing effectors while maintaining the same frame of reference?

To address this question, we examined the extent to which the ability to generate a compensatory torque
could be transferred in response to changing the grasp context, i.e., the effector(s) previously used to learn the
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Condition
Left Center |::> |::>
of Mass
Right Center |::> |:|' >
of Mass
Unimanual Bimanual Bimanual Unimanual
Block Novel Transfer Novel Transfer
. 1 10 11 1 10 11
Trial Novel Pre-transfer  Transfer 20 Novel Pre-transfer  Transfer 20
Lift First lift Last lift First lift Last lift First lift Last lift First lift Last lift

Table 1. Grasp order of each condition. Breakdown of the direction of transfer and direction of torque used

for each condition. 10 participants performed lifts in condition 1 and another 10 participants performed lifts in
condition 2. Center of mass order was counterbalanced. Trial 1 for both conditions represents participants’ first
lift with the object. Trial 11 represents the first post-transfer lift. Trials 10, and 20 represent the last lift in either

grasp type.

manipulation, and whether learning transfer would be sensitive to whether effectors are added or removed rela-
tive to the previous context. We used two transfer conditions: (1) unimanual to bimanual manipulation, and (2)
bimanual to unimanual manipulation and quantified learning transfer by measuring the direction and magnitude
of compensatory torque before and after changing grasp context. Similar to a previous study, generalization has
been shown when adding or removing digits to the grasp'’. Additionally, in our two transfer conditions (uni-
manual to bimanual grasp, and vice-versa), the frame of reference relative to the object, i.e., the direction of the
external torque in an object frame of reference, in which compensatory torque was learned in the pre-transfer
grasp is the same as the one in the post-transfer grasp. As noted above, congruency in the frame of reference has
been identified as an important determinant for transferring learned manipulation. Therefore, we hypothesized
successful generalization when adding or removing effectors.

Results

Participants were assigned into two groups of 10 in a pseudo-random order, with each group performing lifts
in one of the transfer conditions as described in Table 1. Lifts were performed on a visually symmetrical box
(height, width, depth=16.5, 8.1, 8.5 cm) while the obscured center of mass was either on the left or right (Fig. 1).
We recorded the forces and torques on each side of the grasp surface, which allowed us to measure the effector
grip (GF) and load force (LF), and the effector center of pressure (COP). A measure of the difference between
the left and right grasp surface was used for LF and COP. Compensatory torque (Tcom) was calculated from the
combined torques generated from COPy;; and GE, and LF . Specifically, the GF of the digits act on the COPs
to generate the normal component of the total torque (GF x COPy;). Additionally, LF generate the tangential
component of the total torque by acting on the width between the grasp surfaces (8.1 cm) as the moment arm.
Thus, multiplying LE ¢ by half object width (4.05 cm) gives the tangential torque component.

Learned generation of Tcom differs between unimanual and bimanual grasps. On the last lift
in all grasp types, all participants performed the task successfully through the minimization of peak roll and
generation of the appropriate Tcom. However, even though Tcom was similar across the different grasps, the
way in which Tcom was generated differed between the grasps. Figures 2 and 3 show the representative traces of
object roll, Tcom, COP, LE, and GF on the last lift. Minimization of peak roll (> —2°, or <2°) and generation of
the appropriate Tcom (~+20 Ncm) was seen for all grasps, with both being correlated measures of task perfor-
mance. However, the grasp type affected the way Tcom was generated. For unimanual COP, learned manipula-
tion of the left COM was characterized by generally higher thumb (left side) COP than that of the fingers (right
side). For the right COM, COPs were mainly collinear. In bimanual grasps, left hand COP was higher than the
right hand for left COM, whereas right hand COP was higher for right COMs. Thus, on the last lifts, COPgyg
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Figure 1. Experimental Apparatus. (A) Physical appearance of the object as presented to the participants and
the inner components. (B) Schematic layout of the grasped object showing the total forces produced by the
digits on each side and the direction of resultant compensatory torque and object roll.

between unimanual and bimanual grasps did not differ for the left COM (condition 1, p=0.60; condition 2,
p=1.00) but differed for the right COM (condition 1, p <0.001; condition 2, p<0.001). Unimanual LFs showed
larger LFs of the fingers (right side) with larger differences when COM was on the right (Fig. 3). Bimanual grasps
showed larger LFs of the left compared to the right hand for left COMs and larger right hand LFs for right COMs.
Unimanual and bimanual LFs on the last lift differed for both COMs (left COM, p <0.001; right COM, p=0.001)
It should be noted that the COP and LF measured in this study is the equivalent of all the digits on the corre-
sponding side. Unimanual GFs were larger than bimanual GFs (condition 1, p <0.001; condition 2, p <0.001).

Overall, in learned unimanual grasping, the COP of the thumb was either collinear or higher than the equiva-
lent COP of the fingers while the combined LF of the four fingers was always larger than the LF of the thumb.
The magnitude of these differences was determined by the COM of the object. For learned bimanual grasps,
COP and LF of the hand were higher and larger on the side of the COM.

Bimanual performance after unimanual to bimanual transfer half that of pre-transfer lifts for
both left and right COM. To determine the outcome of transfer, the results of the first transfer lifts were
compared to pre-transfer lifts and novel lifts in the respective grasp types. In this section, we highlight the results
of the unimanual to bimanual transfer trials and compare these accordingly. Results of the bimanual to uni-
manual transfer will be discussed in the next section.

After transfer, bimanual Tcom was applied in the appropriate direction to prevent object roll (condition
1). However, the generated Tcom on the transfer lift was smaller than the Tcom of the unimanual pre-transfer
lift. Results show that for the unimanual to bimanual condition 1, Tcom differed between (1) pre-transfer and
transfer trials, (2) left and right COM, and (3) the first and last lifts (significant interaction between trial, COM,
and condition, F(3,54) =36.18, p<0.001, r]P2 =0.67). These results also indicated that across conditions, bimanual
grasps differed between first lifts of the transfer trials (condition 1) and the first novel lifts (condition 2). Figure 4
shows the Tcom for the novel trial 1, pre-transfer trial 10, transfer trial 11, and trial 20 for the left and right
COM across both grasps in conditions 1 and 2. Post hoc tests showed that for the Tcom in condition 1, the first
bimanual transfer lift was smaller than the unimanual pre-transfer lift for both COMs (left COM, p <0.001;
right COM, p=0.001). However, across conditions, bimanual Tcom after transfer was larger than Tcom for the
first novel bimanual lift (condition 2) for both COMs (left COM, p <0.001; right COM, p <0.001). Comparing
between COMs revealed that bimanual Tcom differed between the left and right COM for all except the first
novel lifts (Fig. 4 ‘+ sign) further showing that transfer results in Tcom generation in the appropriate direction
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Figure 2. Representative plots for the left center of mass (COM). Traces for the learned trials of all measures
for the unimanual and bimanual grasps. Tcom = compensatory torque, COP = center of pressure, LF=load force,
GF=grip force. Vertical dotted lines represent time at lift onset.

(condition 1, transfer trial 11, p<0.001; condition 1, transfer trial 20, p <0.001; condition 2, novel trial 1, p=0.054;
condition 2, pre-transfer trial 10, p <0.001). However, regardless of whether the lifts were novel or transfer, the
first bimanual lifts had a smaller Tcom than the last bimanual lifts (condition 1, left COM, p <0.001; condition
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Figure 3. Representative plots for the right center of mass (COM). Traces for the learned trials of all measures
for the unimanual and bimanual grasps. Tcom = compensatory torque, COP = center of pressure, LF=1load force,
GF=grip force. Vertical dotted lines represent time at lift onset.

1, right COM, p <0.001; condition 2, left COM, p <0.001; condition 2, right COM, p <0.001). Figure 5 shows the
results for COPgq. COPy¢ differed between (1) unimanual pre-transfer and bimanual transfer trials in condition
1, (2) left and right COM, (3) the first and last lifts, and (4) the bimanual transfer lift in condition 1 and novel

Scientific Reports |

(2021) 11:8688 |

https://doi.org/10.1038/s41598-021-87988-0 nature portfolio



www.nature.com/scientificreports/

Left COM Compensatory Torque (Ncm)

Right COM Compensatory Torque (Ncm)

*%
*%k *%

*%

*k *% *%k

. *% *% s *% *% *% *%

*%

1 J
*%
Trial1  Trial 10 Trial 11 Trial 20 Trial1  Trial 10 Trial 11 Trial 20
Novel Pre—Transfer Transfer Transfer Novel Pre—Transfer Transfer Transfer
First lift Last lift First lift Last lift First lift Last lift First lift Last lift
Unimanual Bimanual Bimanual Unimanual
Condition 1 Condition 2

Figure 4. Results for Compensatory Torque (Tcom) across all conditions. Average Tcom for the left COM (top
panel) and right COM (bottom panel) for the novel first trial, pre-transfer trial 10, transfer trial 11, and trial

20 (+s.e.m). Light grey bar indicates Tcom for the right-hand unimanual trials. Dark grey bar indicates Tcom
for the bimanual trials. Error bars indicate the standard error of the mean. Horizontal lines indicate the target
Tcom while the vertical line separates condition 1 (left panel) from condition 2 (right panel). *p <.05, *p<.001,

+p<.05 between the left and right COM.

bimanual first lift in condition 2 (significant interaction between trial, COM, and condition, F(3,54) =7.33,
P<0.001, 1,>=0.29). Post hoc tests revealed similar trends as Tcom. Specifically, bimanual transfer (condition
1) resulted in COP of the hand on the side of the COM being modulated higher than COP of the other hand
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compared to the first bimanual novel lift that had near collinear COPs (condition 2) for both COMs (left COM,
p<0.001; right COM, p=0.025). Contrary to COPyy, LF ¢ did not differ across conditions (only significant
interaction between COM and trial, F(3,54) =9.81, p<0.001, r]pz =0.35). Figure 6 thus shows the results of LE g
averaged across both conditions. Results show that for bimanual LFyg, first lifts were near zero and that LF
modulation was significant by the last lift (left COM, p =0.039; right COM, p =0.035). Results for bimanual GF
showed that bimanual GF did not differ by COM but that GF was lower during the first novel lift (condition 2)
compared to the first transfer lift (condition 1) and the last lifts (significant interaction between trial and condi-
tion F(3,54) =5.94, p<0.001, n,>=0.25). Figure 7 shows the results for GF pooled across COM. Additionally,
bimanual GFs were lower than unimanual GFs (condition 1, p <0.001; condition 2, p <0.001). Results of bimanual
digit placement (DP) showed that DP did not change across the lifts and only differed by digit (main effect of
digit, F(1.74, 20.83) =393.4, p<0.001, l’|p2 =0.97).

Taken together, our results show that after unimanual to bimanual transfer (adding effectors), participants
attempted to minimize object roll by applying Tcom in the appropriate direction to counter the external torque
on the object. Tcom was generated through COP modulation and larger GF for both centers of mass. However,
although Tcom was generated in the correct direction, its magnitude was smaller than required to counter the
external torque.

Unimanual performance after bimanual to unimanual transfer half that of pre-transfer lifts for
only the left COM. Results also showed that performance after transfer to a unimanual grasp was similar
to that after bimanual transfer: Tcom was applied in the appropriate direction to counter object roll on the first
transfer lift but was smaller than Tcom on the pre-transfer lift. However, this was only seen for the left COM, i.e.,
COM on the thumb’s side. Post hoc tests showed that for unimanual grasps, Tcom differed between (1) the pre-
transfer bimanual and unimanual transfer lift (condition 2) for both COMs (left COM, p <0.001; Right COM,
p<0.001), (2) novel unimanual lifts (condition 1) and unimanual transfer lifts (condition 2) for the left COM
(p=0.011), (3) left and right COM for all except the novel first lift (condition 1, novel trial 1, p =0.14; condition
1, pre-transfer trial 10, p <0.001; condition 2, transfer trial 11, p <0.001; condition 2, transfer trial 20, p <0.001),
and (4) the first and last lifts in both conditions (condition 1, left COM, p<0.001; condition 1, right COM,
P <0.001; condition 2, left COM, p < 0.001; condition 2, right COM, p <0.001) (Fig. 4). Results for COP;; showed
similar unimanual transfer to bimanual pre-transfer COPy¢ (Fig. 5 condition 2), but only for the left COM (left
COM, p=1.00, right COM, p<0.001). For both novel and transfer trials, regardless of the COM, unimanual
first lifts resulted in higher thumb COPs than finger COPs. However, only after transfer in the left COM was
unimanual COPgg similar between the first and last lifts (p=0.71). Additionally, COPgg showed higher thumb
COPs after transfer in the left COM compared to novel unimanual lifts (p=0.03) and compared to transfer in the
right COM (p=0.003). As mentioned, LF ¢ did not differ between the novel and transfer conditions but differed
between the left and right COM for last lifts (p=0.001) and the first and last lift of the right COM (p=0.006).
Thus, LFy;¢ did not contribute to the difference of Tcom between the novel and transfer lifts. As mentioned ear-
lier, for all unimanual lifts, LFs of the fingers were larger than LFs of the thumb (Fig. 6). Unimanual GF did not
differ across COM with GF of the novel first lift being smaller than GF of the transfer lifts (p =0.03). Analysis of
DP showed that DP did not differ by condition but differed across COM and lifts (significant interaction between
COM, lift, and digit, F(1.92,30.66)=3.23, p=0.018, qu =0.17). Post hoc tests showed that on the last lift, thumb
placement was 1 cm higher for the left than the right COM (p=0.004).

Taken together, our results show that after bimanual to unimanual transfer (removing effectors), participants
attempted to minimize object roll by applying Tcom in the appropriate direction to counter the object’s external
torque, but only when object COM was on the side of the thumb. Tcom was generated by COP modulation and
larger GFs. However, although Tcom was generated in the correct direction, the magnitude was smaller than
the required Tcom.

Positive transfer due to modulation of COP difference and GF. Figure 8 shows the relative con-
tribution of both torque components to the resultant Tcom in each of the grasp types across lifts 1 and 10 for
all conditions. As mentioned above, LFy; did not show any significant differences between conditions. How-
ever, the normal torque component, GF x COPgg, showed a difference between conditions (trial, COM, condi-
tion interaction, F(3,54)=11.10, p<0.001, qp2 =0.38). For bimanual grasps, transfer resulted in a larger normal
torque component (GF x COP;) compared to the novel first lift (left COM, p=0.001; right COM, p=0.004).
The normal torque component at lift 1 was thus closer to the target Tcom after unimanual to bimanual transfer
compared to novel lifts for both left and right COM. For unimanual grasps, transfer resulted in a higher normal
torque component compared to novel lifts only for the left COM (left COM, p=0.004; right COM, p=0.43).
Thus, bimanual to unimanual transfer of the right hand was a result of GF x COP 44 modulation but only when
the COM was on the side of the thumb.

Discussion

We found post-transfer performance improvement of learned manipulations compared to novel lifts of the
same grasp, but poorer performance relative to the pre-transfer lift. Specifically, compensatory torque in the
post-transfer lift was exerted in the appropriate direction, but of insufficient magnitude to fully counter the
external torque, hence minimizing object roll to a lesser degree. Such partial generalization of learned dexter-
ous manipulation occurred when adding effectors, i.e., when switching from unimanual to bimanual grasp,
regardless of the object center of mass. Partial generalization was also revealed when removing effectors from a
bimanual to unimanual grasp but only when the center of mass was on the thumb side for the unimanual grasp
(left center of mass). The partial generalization of compensatory torque was driven mainly by the post-transfer
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Figure 5. Results for Center of Pressure difference (COPy) across all conditions. Average COPy for the left
COM (top panel) and right COM (bottom panel) for the novel first trial, pre-transfer trial 10, transfer trial

11, and trial 20 (+s.e.m). Light grey bar indicates COPy for the right-hand unimanual trials. Dark grey bar
indicates COP for the bimanual trials. Error bars indicate the standard error of the mean. The vertical line
separates condition 1 (left panel) from condition 2 (right panel). *p <.05, **p <.001, + p <.05 between the left and
right COM.

modulation of effector center of pressure, leading to non-collinear centers of pressure on the left versus right grasp
surface, and larger grip forces. In contrast, when effectors were removed, i.e., when switching from bimanual to
unimanual grasp and the object’s center of mass was on the finger side, no learning transfer occurred. Adding an
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Figure 6. Results for Load Force difference (LF). Average LF ¢ for the left COM (top panel) and right COM
(bottom panel) for the first and last lifts in each grasp type (+s.e.m). Results were pooled across conditions after
no significant effect was found between conditions. Light grey bar indicates LF 4 for the right-hand unimanual
trials. Dark grey bar indicates LF ¢ for the bimanual trials. Error bars indicate the standard error of the mean.
*p<.05,**p<.001, +p<.05 between the left and right COM.

effector (unimanual to bimanual grasp) would require translating the representation learned using one hand into
motor commands that now have to be shared between two hands. In contrast, removing an effector (bimanual
to unimanual grasp) would require the opposite process, i.e., using the representation learned by coordinating
the action of two hands to generate motor commands directed to only one hand. Despite the fact that the object
frame of reference was invariant in both transfer directions, the finding of partial generalization underscores
the complexity and limitations of the central nervous system in flexibly adapting high-level representations to
drastic changes in low-level control elements, i.e., muscles, joints, digits and hands.

Our findings raise two questions: (1) why was generalization partial? and (2) why was partial generalization
when removing effectors only seen when the object’s center of mass was on the thumb side? We suggest that a
possible answer to both of these questions lies in transfer driving effector center of pressure modulation. We
discuss the implications of generalization of high-level internal representations and their limitations on enabling
learning transfer.

Characteristics of torque generation in the partial generalization of learned manipula-
tion. The partial generalization revealed by the present study is influenced by the idiosyncratic character-
istics of unimanual and bimanual grasps. As such, in order to understand generalization further, we must first

Scientific Reports |

(2021) 11:8688 | https://doi.org/10.1038/s41598-021-87988-0 nature portfolio



www.nature.com/scientificreports/

*k

*% *% . | *k *% |

Grip Force pooled across COM (N)

Trial 1 Trial 10 Trial 11 Trial 20 Trial 1 Trial 10 Trial 11 Trial 20

Novel Pre-Transfer Transfer Transfer Novel Pre-Transfer Transfer Transfer
First lift Last lift First lift Last lift First lift Last lift First lift Last lift
Unimanual Bimanual Bimanual Unimanual
Condition 1 Condition 2

Figure 7. Results for Grip Force (GF) across the conditions. Average GF for condition 1(left panel) and
condition 2 (right panel) for the novel first trial, pre-transfer trial 10, transfer trial 11, and trial 20 (+s.e.m).
Results were pooled across COM after no significant effect was found between the left and right COM. Light
grey bar indicates GF for the right-hand unimanual trials. Dark grey bar indicates GF for the bimanual trials.
Error bars indicate the standard error of the mean. *p<.05, **p <.001.

examine the characteristics of both grasp types as they pertain to learned manipulation. The modulation and
covariation of effector center of pressure and load forces, for compensatory torque generation, indicates a high-
level representation of learned manipulation and this is a general feature for both unimanual and bimanual
grasps>'>1%, However, within each grasp type, we have shown certain idiosyncratic characteristics. For two-digit,
three-digit, and bimanual grasping, center of pressure and load forces are modulated according to the direction
of the external torque. Successful torque generation is thus achieved through modulation of effector’s center of
pressure and load forces: both of these variables are higher and larger, respectively, on the side of the object’s
center of mass. However, for five-digit unimanual grasping, the center of pressure of the thumb is either higher
or collinear to the equivalent center of pressure of the fingers while finger load forces are always larger regardless
of object center of mass'®. Learned manipulation thus involves the modulation of effector center of pressure and
load forces that follow these different characteristics for unimanual versus bimanual grasps.
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Figure 8. Grasp contribution of torque components to Tcom. (A, B) Stacked bar graph showing how LEg and
GF with COPg affected Tcom for lift 1 and 10 of the novel and transfer conditions for the left and right COM
during bimanual grasps. (C, D) Stacked bar graph showing how LF;; and GF with COP; affected Tcom for lift
1 and 10 of the novel and transfer conditions for the left and right COM during right hand grasps. Error bars
indicate the standard error of the mean. Horizontal dotted line indicates target Tcom. LF 4 did not differ across
conditions. *p <.05 for GF x COPy.

Based on the above considerations, partial generalization could be due to either (1) the partial generation of
pre-transfer torque characteristics, or (2) the partial generation of torque characteristics of the post-transfer grasp
type. In the former scenario, the center of pressure and load force characteristics of a post-transfer bimanual grasp
would be similar to the pre-transfer unimanual grasp characteristics and vice versa for a post-transfer unimanual
grasp. In the latter scenario, the characteristics of a post-transfer bimanual grasp would be similar to learned
manipulation in a bimanual grasp while post-transfer unimanual characteristics follow learned unimanual char-
acteristics. By examining the results of transfer, we can determine which of these scenarios would best explain
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Unimanual to bimanual Bimanual to unimanual
Condition Pre-transfer unimanual Post-transfer bimanual Pre-transfer bimanual | Post-transfer unimanual
Left center of mass
Difference Higher left side (thumb) COP | Higher left hand COP Higher left hand COP Higher left side (thumb) COP
Larger right side (finger) LF | No LF difference Larger left hand LF Larger right side (finger) LF
COP magnitude IS)ma'ller difference than lift 10 Sma}ler difference than lift 10
artial transfer Partial transfer

Right center of mass

Diff Collinear COP Higher right hand COP Higher right hand COP | Higher left side (thumb) COP
ifference
Larger right side (finger) LF | No LF difference Larger right hand LF Larger right side (finger) LF
COP magnitude Smaller difference than lift 10 Larger difference than lift 10
& Partial transfer No transfer

Table 2. Characteristics of torque generation before and after transfer. Details of the characteristics of center
of pressure (COP) and load force (LF) difference in the pre- and post-transfer lifts. The 4 context switch
conditions of the study are shown: (1) adding effectors (unimanual to bimanual) for an object with a left center
of mass, (2) adding effectors (unimanual to bimanual) for an object with a right center of mass, (3) removing
effectors (bimanual to unimanual) for an object with a left center of mass, (4) removing effectors (bimanual to
unimanual) for an object with a right center of mass.

the partial generalization. Table 2 shows the characteristics of center of pressure and load force across the four
context switch conditions (adding or removing effectors with left or right center of mass). Two conclusions
can be drawn from these results: (1) partial transfer was a result of center of pressure characteristics that were
similar to learned manipulation in the post-transfer grasp type (scenario 2), and (2) load force difference was
unaffected by transfer. For transfers of an object with a left center of mass, both pre- and post-transfer centers of
pressure involved higher left side centers of pressure, which could indicate scenario 1. However, for unimanual
to bimanual transfer with a right center of mass, the pre-transfer unimanual centers of pressure were collinear
while post-transfer bimanual showed higher right side center of pressure. Similarly, bimanual to unimanual
transfer with a right center of mass did not lead to similar pre-transfer bimanual and unimanual transfer centers
of pressure. Thus, generalization did not involve an attempt to mimic the pre-transfer grasp center of pressure
(scenario 1), but rather an attempt to generate torque through center of pressure difference modulation similar
to the characteristics of the post-transfer grasp (scenario 2). The partial generation of torque after transfer could
consequently be explained by (1) the lack of load force difference in the direction of torque generation, or (2) the
lack of load force modulation and insufficient center of pressure modulation in the direction of torque generation.
Our results showing that the vertical distance between effectors’ centers of pressure on the first lift post-transfer
was smaller than that of the last lift indicated the latter. Thus, the partial generalization seen when adding or
removing effectors is a result of the modulation of effector centers of pressure, specific to the post-transfer grasp
type, in the appropriate direction but of insufficient magnitude.

Effect of center of pressure modulation on generalization after adding or removing effec-
tors. In all instances of partial transfer, this was driven by the modulation of effector centers of pressure,
which we suggest also provides an explanation for partial generalization after bimanual transfer regardless of
center of mass and after unimanual transfer with a left center of mass. As detailed in the section above, center
of pressure modulation during bimanual grasps assists torque generation regardless of center of mass. For uni-
manual grasps, when the center of mass is on the thumb side, the higher thumb center of pressure modula-
tion assists compensatory torque generation while larger finger load forces resists torque generation (Fig. 8, left
COM). When the center of mass is on the side of the fingers, the larger finger load force assists torque genera-
tion while collinear centers of pressure significantly reduce the contribution of grip force to the compensatory
torque (Fig. 8, right COM). Thus, since transfer is driven by center of pressure modulation, partial transfer is
seen only when center of pressure assists torque generation, i.e., both centers of mass after bimanual transfer and
the left center of mass after unimanual transfer. Additionally, since bimanual center of pressure characteristics
are similar to unimanual characteristics for the left center of mass, this similarity would have aided the partial
generalization. It should be noted that aside from the thumb during unimanual lifts, motion capture data did
not reveal modulation of individual digit placements for both unimanual and bimanual grasps. Thus, center of
pressure modulation was mainly due to the control of individual digit grip forces more than digit placement,
when multiple digits are involved. This is similar to our previous finding during whole hand grasping where digit
placement modulation was driven by thumb placement’®. We discuss this further in the section on limitations
and future work.

The partial generalization seen in this study was due to the partial modulation of center of pressure and
the lack of load force modulation in the direction of torque generation. This is similar to a previous study that
showed that the learning of torque generation through multiple 180° object rotations was driven by digit center of
pressure®. It should also be noted that digit position can be monitored through vision while digit forces cannot.
Other studies have shown distinct sensorimotor memories between the different aspects of torque generation®*?°.
However, this result is different from the initial study showing full generalization when adding or removing one
digit”. A possible explanation for this would be that, unlike the addition or removal of one degree of freedom

Scientific Reports |

(2021) 11:8688 | https://doi.org/10.1038/s41598-021-87988-0 nature portfolio



www.nature.com/scientificreports/

from two- to three-digit grasping, addition or removal of an entire effector added complexity to the transfer
condition. Additionally, the different characteristics of torque generation between unimanual and bimanual
grasps appear to be an additional factor influencing the effectors’ center of pressure and load force modulation
underlying partial generalization. It should be noted that our study employed unconstrained grasping on both
surfaces. Therefore, our results seen cannot be attributed to biomechanical artifacts that could have been caused
by forcing participants to place their thumb/digits at constrained positions.

That load forces were not modulated after transfer together with effector center of pressure to generate a com-
pensatory torque indicates weak or absent covariation between the two measures. It is unlikely that this is due
to any error in the perception of effector center of pressure and thus we suggest that this is an intentional feature
of the system to prevent larger errors when the grasp context changes. We have previously shown that when
faced with conflicting sensory cues, grasp characteristics follow collinear torque generation, i.e. zero torque’.
Thus, when faced with the uncertainty of the changing grasp context, load forces are modulated similar to lifts
requiring no net torque to reduce the error should the center of pressure modulation be wrong.

Theoretical frameworks for generalization across multiple effectors. Generalization of learned
movement can also be examined based on the concept of coordinate frames/systems. Specifically, coordinate
reference frames refer to intrinsic systems as those associated with the coordinate frame of the body (joint/body-
based) while extrinsic systems comprise the dynamics of the object (object/environment-based)*-?°. Recent
work suggests that learning within a task may occur in both coordinate systems®-%. It has been suggested that
when learning a movement, kinematic trajectories are represented extrinsically while forces are represented
intrinsically®. In the present study, aside from the center of pressure of the thumb in unimanual grasps, center
of pressure modulation was achieved through grip force modulation of the individual fingers as opposed to the
actual change in digit placement. Although both grip forces and digit centers of pressure interact to produce the
normal component of torque, most studies to date have focused on center of pressure modulation in regard to
torque generation. However, our results show that during multi-digit grasping, the interaction of grip force and
digit placement to determine the overall center of pressure is important in determining generalization. Though
nontrivial, the partial generalization shown here might indicate learning of overall center of pressure in extrinsic
coordinates. Further studies would be needed to determine this. In contrast, since load forces are represented
intrinsically, their learning is specific to one grasp type and switching to a new grasp does not result in full trans-
fer. An additional explanation could be the reduction of kinematic errors through organizing control points on
the object®.

Aside from coordinate frames, an aspect of sensorimotor control that may influence generalizability is related
to the use of sensory cues. Prior to contact with the object, during the reach-to-grasp phase, digit kinematics,
assisted by visual and proprioceptive cues, are molded to the contours of the object’s shape***. Additionally,
previous studies have shown that digit forces are controlled and modulated once sensory feedback of digit place-
ment is obtained after object contact®*-3%. Because digit center of pressure can be sensed from visual, tactile,
and proprioceptive cues (even in the event of an erroneous efference copy), it has been suggested that center of
pressure and digit placement are controlled explicitly. Load forces, being modulated through feedback of digit
center of pressure are controlled more implicitly. This distinction could be an additional explanation for the
transfer of digit center of pressure but not load forces.

Limitations and future work. Aside from the thumb during unimanual grasps, our study examined the
combined forces and equivalent center of pressure of all the digits. Although the digits work synergistically to
generate the compensatory torques, examining individual digit forces and centers of pressure would provide
more insight into the control of the kinetics and kinematics of grasping. This could be achieved through sub-
sequent studies that are able to examine individual digit forces and placements while also keeping the grasping
unconstrained. Additionally, even though the purpose of the study was to examine dexterous manipulation,
the functionality of the bimanual grasp may be limited. When interacting with a similar object, a full palmar
grasp might be preferred. We chose to keep the grasp points isolated on the distal fingertips to maintain similar-
ity between unimanual and bimanual grasping, but the functional aspect of changing the grasp type might be
affected. Our decision on the degrees of freedom to use was strongly determined by the properties of the object
to be grasped such as its width and mass**’. For the present study, the grip width and mass of the object favored
five-digit and two-hand grasp configurations allowing the examination of generalization between a unimanual
and bimanual grasp. Additionally, by only using the fingertips, this generalization can be explored within the
characteristics of a dexterous precision grasp*"*2. However, whether or not there is any difference in these two
types of bimanual grasping remains unclear. Even though we found no significant changes in digit placement for
bimanual grasps, it is possible that individual digits were modulated but that the modulation was too small for
a difference to be detected. This does not however rule out the possibility that these small modulations together
contributed to center of pressure modulation. Perhaps studies employing more sensitive measurements of digit
placement might reveal more detail. The difference in learned manipulation between five-digit and bimanual
grasping, compared to the similarities between two-digit and bimanual grasping, beg the question of whether
generalization would be different in the latter instance. The unique characteristic of five-digit grasping where the
fingers always exert larger load forces is an interesting finding that we have shown here and in a previous study'.
We have suggested that this could be due to a biomechanical constraint of five-digit grasping. Further studies
exploring this characteristic of whole-hand unimanual grasping could provide more insight. Examining the
results of unimanual load force difference after transfer show a possible trend in the appropriate direction for the
right center of mass (Fig. 8). Because load force difference did not show any statistical difference between novel
and transfer lifts (Fig. 6), we have made a conservative conclusion that load forces were not affected by transfer.
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However, it is possible that certain experimental modifications, such as changing the object torque, might illicit
load force modulations.

In summary, we found evidence that partial generalization of learned manipulation between unimanual
and bimanual grasping is due to the ability to use the representation of learned torque to drive the transfer of
center of pressure modulation to generate a compensatory torque in the direction to counter object roll but of
insufficient magnitude. Transferring to a grasp context where effector center of pressure has a minimal effect on
torque generation (unimanual grasp of an object with center of mass on the side of the fingers) would not lead to
transfer. Thus, we conclude that a high-level internal representation of learned compensatory torque can be used
to drive partial generalization between unimanual and bimanual grasps, and vice versa through the modulation
of effector centers of pressure, but only under certain conditions.

Materials and methods

Participants. Twenty healthy adults (median age: 26 years, range 19-34 years; 11 females) with normal
or corrected-to-normal vision and no upper limb orthopedic impairments were recruited to participate in the
study. Participants were right-handed with handedness determined using the Edinburgh Handedness Inventory
(laterality quotient>90). Written informed consent was obtained prior to participation in compliance with the
Declaration of Helsinki. The study was approved by the Teachers College, Columbia University Institutional
Review Board.

Apparatus. For the object, we used a custom-made device similar to the one used in our previous study".
Figure 1A shows the schematic of the box (height, width, depth=16.5, 8.1, 8.5 cm). The box is visually symmetri-
cal with compartments within the box to change its center of mass. Adding lead weights to the left or right com-
partment generated object torques of —20 and +20 Ncm, respectively. Sandpaper (100 grit) covered the carbon
fiber grip surfaces on either side (height, width, thickness=15, 8, 0.3 cm). 6-axis force transducers (Mini 40, ATI
Industrial Automation, NC, USA) were situated under the grip surfaces. These force transducers measured grip
and load forces, as well as the torque exerted on the surface with a resolution of 0.02 N, 0.01 N, and 0.125 Nmm
respectively. An electromagnetic sensor (Polhemus Fastrak, 0.005 mm range, 0.025° resolution) was attached
to the top of the device to measure vertical distance and object roll. 3D motion capture was achieved through a
Vicon Nexus system (Lake Forest, CA) using 10 Vicon Vero cameras with a resolution of 2048 x 1088 megapixels.

Procedure. 10 participants were assigned to condition 1 while another 10 participants performed lifts
according to the order in condition 2. This was done to prevent any potential learning effects within the grasp
types. Prior to the start of the experiment, reflective markers were attached to the fingernails of the participants
to enable motion capture. Participants were seated in front of a height-adjustable table, with their elbows flexed
90° in the parasagittal plane. Their hands were placed on the edge of the table. They then performed lifts of the
box according to the order prescribed in Table 1. All unimanual grasps were performed with the right hand.
Participants were instructed to lift the box at a smooth and self-selected pace, with the goal of minimizing the
roll of the box. After an audio tone, participants reached and grasped the object on the lateral surfaces with the
appropriate grasp type, anywhere on the respective grip surfaces, and lifted the object vertically to align the bot-
tom of the object with a 10 cm reference marker. The object was held at that height until presentation of a second
audio tone (5 s after first tone), after which they placed the object back on the table and returned their hands to
the start point awaiting the start of the next lift. After the first block of 10 consecutive lifts (novel block), par-
ticipants were instructed to lift the box with the next grasp type for another 10 consecutive lifts (transfer block).
Once participants completed both blocks, they were given a 5-min rest after which, the experiment was repeated
with the opposite center of mass in the same transfer condition. The order of center of mass was counterbalanced
across participants. Thus, each participant performed 20 trials in the left center of mass, and 20 trials in the right
center of mass. This was similar to a previous study'’. To check for any order effects, we performed a mixed
measures ANOVA with hand and center of mass as the within-subjects factor and order as the between-subjects
factor on the first lifts. We did not find any effect of order in either condition (p’s >0.05). The first and last lifts in
each block were used in the analysis.

Data processing. Throughout the lifts, effector forces and torques applied to the grip surfaces recorded
by the force transducers, and position data of the box recorded by the electromagnetic sensor were sampled at
500 and 120 Hz, respectively, using custom written software in WinSC/Zoom (Umed University, Sweden). Digit
placement data was sampled at 120 Hz. A second-order low pass Butterworth filter with a cutoff frequency of
6 Hz was used to filter the data collected. To examine anticipatory control of digit forces and position, these
variables were analyzed at lift-onset, before information signaling the center of mass (COM) location could
influence grasp control'!. Lift onset was defined as the point at which the vertical position of the object went
above 1 mm and increased continuously. To further affirm that at the point of lift-off, participants were not using
sensory feedback of object center of mass, lift velocities were examined to ensure there were no slow or hesitant
lifts. Figure 1B shows how the digit forces and placement are applied in a unimanual and bimanual grasp. The
outcome measures included:

1. Peak object roll, defined as the angle of the object in the frontal plane. Peak object roll was recorded within
250 ms after lift onset. It denotes the participants’ ability to accomplish the task goal (object roll minimiza-
tion). Positive values represent counterclockwise roll (towards the left) and negative values represent clock-
wise roll (towards the right) (Fig. 1B).

Scientific Reports |

(2021) 11:8688 | https://doi.org/10.1038/s41598-021-87988-0 nature portfolio



www.nature.com/scientificreports/

Measures recorded at lift onset:

2. Load force (LF), measured in Newtons (N), is the tangential component of the force exerted on each grasp
surface.

(a) Load force difference (LF;;5) = LEF; ~ LF,p,
Positive values indicate larger left than right side LF, while negative values indicate larger right than
left side LE. It should be noted that using this formula, a positive value for the right hand indicates
larger thumb LE.

3. Grip force (GF), measured in Newtons (N), is the average normal component of the force exerted by the digits
on each grasp surface. Considering no lateral movement of the object, GF on the left side is equal magnitude
and opposite direction to GF on the right side.

4. Center of pressure (COP), measured in centimeters (cm), is the equivalent vertical point of application of
all the digits on each grasp surface. For multiple digits, this is the net COP after considering all individual
digit COPs. This was computed using the formula®**:

COPgig. = [szide— (LFside * width of grip surface)] /GFsige

where Tx, torque applied in the frontal plane, is the torque generated on each side of the grasp surface meas-
ured in Newton centimeter (Ncm). The thickness of the grip surface was 0.5 cm.

(a) Center of pressure difference (COPgif) = COPjop —COPyighs
Positive values indicate higher left than right side COP, while negative values indicated higher right
than left side COP. Similar to LFy;, a positive value for the right hand indicates higher thumb COP.

5. Compensatory torque (Tcom), measured in Newtons centimeter (Ncm), was defined as the anticipatory
torque generated by the hand/s, to counter object torque. This was computed using a similar formula®2>**;

Tcom = [(LFaig) * d/2] + [(GFaverage * COPgigr )]

where d is the width of the box (8.1 cm). A positive Tcom denotes a clockwise torque while a negative Tcom
denotes a counter-clockwise torque.

6. Digit placement (DP) is the relative height of all the digits to the bottom of the box and was measured using
Vicon motion capture. This allowed us to capture the individual digit placements while the force sensors
provided the overall net COP'.

Data analysis. In our previous work, we have shown that the applied Tcom negatively correlates with the
resultant object peak roll and is thus a valid measure of performance of the task goal>**°. Similarly, for our study,
we found a strong linear correlation between Tcom and peak roll for all grasp types with a Pearson’s correlation
coefficient between —0.79 and —0.91 (data from the first and last lift of each participant in each grasp type).
Thus, we used Tcom at lift onset in our analysis as the performance variable for each grasp condition. Anticipa-
tory planning of digit forces and placement were further analyzed using the resultant LF, GE and COPyy at
lift onset. Peak roll, Tcom, GE, LE, and COP were extracted using a custom written software in WinZoom (Ume&
University, Sweden). Digit placement was analyzed using Vicon Nexus (Lake Forest, CA).

To determine if adding or removing effectors affected generalization, we performed a mixed-measures
ANOVA with trial (trial 1, trial 10, trial 11, trial 20), and COM (left, right) as the within-subjects factor, and
condition (unimanual to bimanual, bimanual to unimanual) as the between-subjects factor for Tcom, COPgg,
LF4 and average GF for each grasp type. To further quantify the respective contribution of the two torque com-
ponents of Tcom (a tangential torque generated by LF; and a normal torque generated by COP;;x GF) across
each condition before and after transfer, we ran the same mixed-measures ANOVA on the torque generated by
each of these two components. To compare digit placement across the lifts, we performed a mixed-measures
ANOVA with digit (thumb, index, middle, ring, little finger), lift (first and last), and COM (left and right) as the
within-subjects factors and block (novel, transfer) as the between-subjects factor for the unimanual grasp. For the
bimanual grasp, to compare the digits of the left and right hand, we added another within-subjects factor of hand
(left hand, right hand). Shapiro-Wilk’s normality tests on the individual variables revealed that of the 5 variables
(Tcom, COPgyiq, LF 44 GF, GFxCOPgg), 12 out of the 80 combinations of factors did not meet the assumption of
normality. For these variables, we also performed Friedman tests on trial and COM with Wilcoxon signed-rank
tests for the post hoc analysis and a Kruskal-Wallis test on (between-subjects) condition. The results of these
nonparametric tests were the same as the mixed ANOVA results. As such, we report the results from the mixed
ANOVAs. We report effect sizes using partial eta squared, n,%. Bonferroni corrections were used where appli-
cable. Sphericity assumptions were also tested and corrected using the Greenhouse-Geisser correction where
appropriate. Significance was considered at the p <0.05 level. Post-hoc tests, with Bonferroni adjustments, were
performed on interactions that reached significance. Details of the results of the statistical analyses can be found
in the supplementary table 1 for the mixed ANOVA, and supplementary Table 2 for the nonparametric tests.

Data availability
The data collected for this study are available on request through the corresponding author.
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